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included.  (2)  low  lip-speed  propellers  have  an  unexplained  noise  source  giving  rise  to 
narrow-band  random  noise,  and  (3)  the  prediction  of  the  noise  from  a  propeller  in  flight 
using  this  computer  program  requires  further  investigation. 

The  effecl  of  forward  flight  on  propeller  noise  and  the  sources  of  propeller  noise  observed 
in  this  study  should  be  investigated  further.  If  necessary  the  compulcr  program  should  be 
modified  to  establish  correlation  with  flight  data.  _ _  _ 
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ABSTRACT 


Experience  in  the  field  of  quiet  aircraft  for  reconnaissance/surveillance  applica¬ 
tions  indicated  a  need  for  a  reliable  quiet  propeller  design  procedure.  This  report 
describes  the  development  of  a  computerized  design  technique  intended  to  fulfill  this 
need. 

The  propeller  noise  detectability  computer  program,  developed  under  this  contract, 
predicts  propeller  harmonic  rotational  noise  using  unsteady  blade  loads  and  broad-band 
noise  using  a  new  integration  method  and  compares  these  predictions  with  an  appro¬ 
priate  aural  detectability  criterion  to  estimate  the  minimum  undetectable  flight  altitude. 
Supporting  tasks  include  development  of  aural  detectability  criteria,  a  theoretical  study 
of  the  effect  of  airfoil  section  shape  on  vortex  noise,  static  noise  tests  of  several  pro¬ 
peller  configurations,  correlation  of  unsteady  blade  loads  corresponding  to  measured 
harmonic  noise  levels,  design  and  testing  of  a  new  quiet  propeller,  and  a  propeller 
noise  detectability  trend  study. 

The  major  conclusions  are:  (1)  static  propeller  noise  levels  can  be  calculated 
with  acceptable  accuracy  by  the  computer  program  only  when  empirically-derived 
unsteady  blade  loads  are  included,  (2)  low  tip-speed  propellers  have  an  unexplained 
noise  source  giving  rise  to  narrow-band  random  noise,  and  (3)  the  prediction  of  the 
noise  from  a  propeller  in  flight  using  this  computer  program  requires  further 
investigation. 

The  effect  of  forward  flight  on  propeller  noise  and  the  sources  of  propeller  noise 
observed  in  this  study  should  be  investigated  further.  If  necessary,  the  computer  pro¬ 
gram  should  be  modified  to  establish  correlation  with  flight  data. 
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SECTION  I 


INTRODUCTION 


Considerable  interest  has  developed  recently  in  quiet  propellers  for  reconnais¬ 
sance  and  surveillance  aircraft.  These  propellers  are  operated  at  low  tip  speeds  in 
order  to  avoid  aural  detection  at  relatively  low  flight  altitudes.  Recent  USAF  exper¬ 
ience  in  the  field  of  quiet  aircraft  has  indicated  the  need  for  a  computerized  propeller 
design  technique  to  calculate  propeller  performance  and  noise  and  to  compare  the 
noise  to  aural  detectability  criteria.  The  objective  of  the  study  summarized  in  this 
report  was  the  development  of  such  a  technique.  This  propeller  design  technique  is 
in  two  parts:  a  proprietary  propeller  performance  computer  program  previously 
made  available  bv  Hamilton  Standard  for  AF  Aero  Propulsion  Laboratory  use  and  a 
new  propeller  noise  detectability  program  written  under  this  contract. 

Over  the  past  several  years,  Hamilton  Standard  has  developed  a  propeller  noise 
computer  program  which  has  been  supplied  to  the  AFAPL.  However,  this  program 
is  directed  primarily  towards  commercial  applications  that  require  predictions  of 
propeller  noise  annoyance  rather  than  aural  detectability.  Several  parts  of  this  com¬ 
puter  program  served  as  bases  for  the  development  of  the  new  propeller  noise  de¬ 
tectability  program.  The  new  program  predicts  propeller  rotational  noise  and  broad¬ 
band  noise  for  a  specified  operating  condition  and  compares  these  predictions  with  the 
appropriate  aural  detectability  criterion  to  determine  the  minimum  undetectable 
flight  altitude.  The  rotational  noise  prediction  method  is  derived  from  an  existing 
Hamilton  Standard  method  with  the  calculation  of  noise  due  to  non-steady  blade  loads 
added.  A  second  major  objective  was  to  develop  a  new  broad-band  noise  prediction 
method  in  order  to  be  able  to  evaluate  the  effects  of  blade  geometry  changes  on  the 
broad- band  noise  produced. 

In  support  of  the  computer  program  development  the  following  tasks  were 
completed: 

a.  Development  of  aural  detectability  criteria  for  tone  and  broad-band  noise 
for  two  jungle  background  noise  environments. 

t>.  A  theoretical  investigation  of  ihe  effects  of  airfoil  section  shape  on  vortex 
noise. 

c.  Measurement  and  analysis  of  harmonic  and  broad-band  noise  data  from 

tests  on  an  outdoor  static  test  rig  of  four  low-tip-speed.  11 . 25— ft  diameter, 
propeller  configurations. 
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cl.  Correlation  of  measured  and  predicted  harmonic  noise  levels.  The  lack  of 
correlation  obtained  led  to  the  selection  of  non-steady  blade  loads  for  use  in 
the  computer  program  which  significantly  improved  correlation. 

e.  Correlation  of  measured  broad-band  noise  levels  with  predicted  broad-band 
noise  levels  by  empirical  adjustment  of  the  coefficients  in  the  theory. 

f.  Design  and  test  of  a  propeller  with  new  blades  which  was  predicted,  and 
measured,  to  produce  over  3  dB  less  broad-band  noise. 

g.  Performance  of  a  detectability  trend  study  using  the  developed  computer 
program. 

The  major  results  of  this  program  were  1)  the  development  of  a  computer  pro¬ 
gram  that  links  detectability  and  propeller  design  parameters  and  2)  the  development 
of  a  detailed  understanding  of  the  noise  signature  of  low-tip-speed  propellers  at 
static  conditions.  Analysis  of  data  acquired  on  four  different  propeller  configurations 
in  this  program  revealed  the  presence  of  a  source  producing  narrow-band  random 
noise  with  peaks  at  frequencies  coinciding  with  the  harmonics  of  blade  passage 
frequency.  This  type  of  noise,  which  is  not  predicted  by  existing  propeller  noise 
theories,  will  be  the  controlling  factor  in  aural  detection  if  it  persists  in  forward 
flight. 
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SECTION  II 


AURAL  DETECTABILITY 


L  INTRODUCTION 

The  aural  detection  of  an  aircraft  by  an  observer  depends  upon  several  factors 
including:  a)  the  amplitude  and  frequency  characteristics  of  the  noise  generated  by 
the  aircraft,  b)  the  effects  of  the  atmosphere  on  the  noise  propagation,  c)  the  distance 
from  the  aircraft  to  the  observer,  d)  the  influence  on  the  noise  of  the  terrain  in  the 
vicinity  of  the  observer,  e)  the  ambient  background  noise  characteristics  in  the 
vicinity  of  the  observer,  and  f)  the  physiological  and  psychological  characteristics 
of  the  observer. 

Items  a)  through  d)  deal  with  the  definition  of  the  noise  source  and  the  propaga¬ 
tion  of  the  noise  to  the  observer.  These  will  be  discussed  in  subsequent  sections  of 
this  report.  In  this  section,  consideration  will  be  given  to  items  e)  and  f)  above  with 
simplifying  assumptions  to  remain  within  the  scope  of  the  program.  Thus,  factors 
such  as  the  variable  attention  span  and  fatigue  of  the  observer,  the  increased  difficulty 
in  detecting  a  fluctuating  signal  in  a  non-steady  noise  environment  as  opposed  to  a 
steady  signal  of  known  character  in  the  presence  of  noise  of  constant  level,  and  the 
influence  in  the  observer's  decision  of  the  consequences  he  would  face  in  the  case  of 
a  false  alarm  or  failure  to  report  a  detection  were  not  considered.  Rather,  the 
detection  criteria  developed  are  based  on  laboratory  test  data  on  the  threshold  of 
hearing  and  the  critical  bandwidth  concept  to  determine  the  masking  effects  of  a  steady 
ambient  noise.  This  method  is  considered  somewhat  conservative  since  it  represents 
the  detection  of  a  signal  under  ideal  conditions. 

2.  REVIEW  OF  BASIC  APPROACHES 

The  reports  on  the  detection  of  acoustic  signals,  with  and  without  the  presence 
of  noise,  presented  in  the  Bibliography  were  reviewed. 

Essentially,  three  procedures  for  determining  the  aural  detection  of  a  signal  were 
found  in  the  literature.  The  three  procedures  were  identical  at  low  frequencies, 
where  it  was  agreed  that  signal  detection  is  uniquely  dependent  on  the  auditory 
threshold.  However,  at  the  mid  and  high  frequencies,  where  it  is  assumed  that  the 
ambient  noise  exceeds  the  hearing  threshold,  the  criterion  for  detection  depends  on 
the  ear's  ability  to  identify  the  signal  in  a  masking  noise.  The  three  procedures  for 
determining  the  detection  of  an  acoustic  signal  in  noise  are  a)  the  differential  level 
change  method,  b)  the  signal-to-noise  ratio  criterion  and  c)  the  masking  noise  level 
concept  based  on  the  critical  bandwidth  of  the  ear.  The  first  procedure  predicts 
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detection  when  a  differential  level  change  of  0,5  dB  occurs;  i.e.,  when  the  signal- 
plus-noise  exceeds  the  noise  alone  by  0.5  dB  or  more.  The  second  procedure  deter¬ 
mines  detection  at  some  probability  level  depending  on  the  signal- to-noise  ratio. 

The  third  approach  predicts  detection  when  the  signal  exceeds  a  certain  level  which 
is  a  function  of  the  level  of  the  noise  and  th  '  critical  bandwidth  of  the  ear. 

The  third  approach  is  considered  the  most  consistent  with  the  scope  of  this 
program.  It  was,  therefore,  selected  as  the  procedure  to  be  used  for  this  study.  Thus, 
the  aural  detection  criteria  presented  herein  are  essentially  those  described  by  Smith 
and  Paxson(1),  but  with  notable  exceptions  which  will  be  brought  out  in  the  discussion 
which  follows, 

:i.  auditory  thresholds 

The  aural  detection  of  a  low-frequency  signal  depends  primarily  on  the  hearing 
threshold.  In  the  laboratory,  the  auditory  threshold  in  a  free-field  environment  (i.e., 
the  minimum  audible  field  (M.A.F.))  is  determined  from  the  minimum  level  that  can 
be  heard,  usually  an  average  of  the  responses  from  a  group  of  subjects.  At  very  low 
frequencies,  where  it  is  not  feasable  to  generate  high-intensity  uniform  fields  in  a 
chamber,  other  means  are  employed  such  as  close  coupled  ear  phones,  in  which  case 
the  minimum  audible  pressure  (M.A.P.)  is  determined.  The  results  from  the  two 
methods  are  not  necessarily  the  same.  Figure  1  shows  the  results  from  experiments 
conducted  by  Robinson  and  Dadson(^).  It  is  seen  that  the  M.A.P.  threshold  over  the 
range  80  to  GOO  Hz  is  about  9  dB  higher  than  the  M.A.F.  Up  to  3.6  dB  of  this  difference 
might  be  due  to  monaural  versus  binaural  listening^).  However,  there  remains 
approximately  6  dB  of  unexplained  difference. 

Figure  2  shows  the  pure  tone  threshold  of  hearing  for  an  average  young  subject 
at  age  18  to  25  years  as  presented  in  ISO  Recommendation  R226<4).  Also  shown  are 
ihe  M.A.P.  from  1.5  to  100  Hz  as  measured  by  Yeowart,  et.  al(5)  and  from  5  to  200  Hz 
according  to  Corso^K  In  the  range  25  to  100  Hz  there  is  good  agreement  between 
Yeowart.  et.  al.  and  Corso  with  both  being  approximately  15  dB  above  the  M.A.F. 
Between  100  and  200  Hz,  the  difference  between  the  M.A.P.  and  the  M.A.F.  is  about 
8  dB  which  is  in  agreement  with  that  reported  in  Reference  2.  Corso's^6)  threshold 
at  5  Hz  does  not  appear  consistent  with  those  measured  by  other  investigators.  In 
Figure  2  of  his  paper,  he  compares  his  results  with  those  of  others  and  he  appears  to 
be  more  than  20  dB  lower  than  Bekesy  at  5  Hz.  Adding  20  dB  to  his  results  at  5  Hz 
would  then  make  him  consistent  with  Yeowart  and  Bekesy. 

Inasmuch  as  it  was  desired  to  extend  the  aural  detection  criteria  to  1.5  Hz,  the 
curves  of  Figure  2  were  reconciled  as  shown  by  the  dashed  line  and  the  M.A.F  curve. 
This  was  done  by  lowering  Yeowart's  curve  by  10  dB  and  then  smoothly  Joining  it  to 
the  M.A.F.  curve  in  the  region  of  overlap. 
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Figure  2.  Comparison  of  Low-Frequency  M.A.P.  and  M.A, 


It  has  been  observed  that  the  hearing  threshold  for  octave  bands  of  noise  is 
slightly  lower  at  low  frequencies  and  slightly  higher  at  the  mid-  and  high-frequen- 
cies^7,8).  Actually,  over  the  range  4  to  125  Hz,  the  average  difference  between  the 
threshold  for  tones  and  bands  of  noise  is  approximately  2.5  dB  with  a  maximum 
difference  of  5.5  dB  at  16  Hz^7).  Since  the  difference  between  the  threshold  for  tones 
and  bands  of  noise  is  small  at  low  frequencies  where  the  hearing  threshold  is  used, 
and  it  is  expected  that  the  low-frequency  detection  of  propeller  noise  would  be  due  to 
rotational  components,  it  was  decided  to  ignore  the  differences  between  the  thresholds 
for  tones  and  bands  of  noise  and  the  criterion  adopted  is  the  one  shown  in  Figure  2 
as  described  in  the  preceding  paragraph. 

4.  DETECTION  OF  AN  AUDITORY  SIGNAL  IN  A  MASKING  NOISE 

It  has  been  shown  that  the  part  of  the  noise  that  is  effective  in  masking  a  tone 
(or  narrow  band  of  noise)  is  the  part  of  the  spectrum  lying  near  the  tone  and  containing 
the  same  amount  of  power  as  the  tone,  and  that  the  parts  of  the  spectrum  that  are  far 
from  the  tone  contribute  no  masking (9).  Table  I  presents  a)  the  ratio  between  the 
monaural  masked  threshold  of  a  pure  tone  and  the  level  per  Hertz  of  the  masking 
noise,  measured  at  the  frequency  of  the  pure  tone  at  the  one-third  octave  band  center 
frequencies  of  100  to  10.000  Hz,  as  obtained  from  Reference  9,  and  b)  the  width  of 
the  band  of  frequencies  that  actually  contributes  to  the  masking  of  a  tone  located  at 
the  center  of  the  band  as  defined  by  the  levels  in  the  center  column.  It  is  easy  to  see 
that  for  a  typical  noise  environment,  the  masking  level  (i.e.,  the  level  of  a  tone  or 
narrow  band  of  noise  below  which  it  will  not  be  detected  in  the  noise)  is  given  by: 

M.L.  ■=  SPL  -10  log  BW  +  10  log  Af  (1) 

where 

M.L.  -  Masking  Level,  dB 

SPL  =  Sound  Pressure  Level  of  the  Noise,  dB 

BW  -  Bandwidth  of  the  Noise,  Hz 

Af  =  Critical  bandwidth.  Hz 

Thus,  if  the  level  of  a  tone  or  the  spectrum  level  of  a  band  of  noise  exceeds  the 
masking  level,  it  will  be  detected. 

5.  BACKGROUND  NOISE  SOURCES 

The  masking  noise  considered  in  this  study  is  that  which  exists  in  a  quiet  jungle 
environment.  Figure  3  presents  average  one-third  octave  band  sound  pressure  levels 
(1 /3-octave  band  SPL)  from  100  to  1000  Hz  measured  in  a  daytime  and  nighttime 
Thailand  jungle^10\  Figures  4  and  5  shew  these  levels  converted  to  masking  levels 
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TABLE  I 


WIDTH  OF  CRITICAL  BANDS 


F requency 

Ratio  Between  the  Monaural 
Masked  Threshold  of  a  Pure 
Tone  and  the  Level  per  Hertz 
of  the  Masking  Noise 

Equivalent 
Band-Width 
of  the 

Masking  Noise 

100  Hz 

19.0  dB 

80  Hz 

125 

17.9 

62 

100 

17.2 

53 

O 

O 

17.0 

50 

250 

16.8 

48 

315 

16.8 

48 

400 

17.0 

50 

500 

17.1 

51 

025 

17.6 

57 

800 

17.9 

62 

1000 

18.5 

70 

1250 

19.0 

79 

1  (100 

19.5 

90 

2000 

20. 6 

115 

2500 

21.6 

145 

3150 

22.  G 

180 

400C 

23.8 

240 

5000 

24.9 

310 

0250 

26.3 

430 

8000 

27.8 

600 

10000 

29.1 

810 

8 
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Figure  3.  Average  Noise  Level  in  Thailand  Jungle 
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Figure  4.  Daytime  Jungle  Noise  Masking  Levels 


Figure  5.  Nighttime  Jungle  Noise  Masking  Levels 


compared  to  those  from  two  Panama  jungles(H).  It  is  seen  that  there  is  good  agree¬ 
ment  between  the  Thailand  and  Madden  Jungle  ambient  noise  levels.  It  was,  thus, 
decided  to  use  the  Madden  Jungle  noise  levels  throughout  the  frequency  spectrum  for 
consistency.  Also,  the  masking  levels  were  extrapolated  to  10,000  Ha. 

6.  AURAL  DETECTION  CRITERIA 

The  elements  developed  in  the  previous  sections  were  combined  into  aural  detec¬ 
tion  criteria  for  tones  and  bands  of  noise  for  a  daytime  and  a  nighttime  jungle. 

Figure  6  shows  the  detection  criteria  for  pure  tones.  It  is  seen  that  at  low  frequencies, 
the  curve  is  the  threshold  of  hearing  while  at  the  other  frequencies  it  is  determined 
by  the  jungle  noise.  A  smooth  transition  was  drawn  at  the  junction  of  the  two  curves. 

In  the  computer  program,  the  levels  of  the  tones  which  are  calculated  are  com¬ 
pared  to  the  detection  criteria.  To  facilitate  this  comparison,  the  curves  of  Figure  6 
were  approximated  by  several  polynomial  equations  from  least  -  squares  curve  fits. 
The  resulting  series  of  equations,  summarized  in  Table  II,  are  then  used  to  establish 
detection  of  pure  tone  components  by  entering  the  frequency  of  the  pure  tone  into  the 
appropriate  equation  and  comparing  the  thus-computed  detection  level  to  the  predicted 
level  of  the  tone. 

As  an  example,  say  a  pure  tone  component  has  a  frequency  of  73  Hz.  Then, 
from  Table  II,  the  detection  criterion  for  a  daytime  jungle  for  a  pure  tone  at  73  Hz 
is  given  by: 


SPLd  -•  585.3-286.929  In  (73)  +  48.6023  £ln  (73)  J  2  -2.75325  £ln  (73)J  3 
31.5  dB 

If  the  level  of  the  tone  equals  or  exceeds  31.5  dB  it  will  be  detected. 

The  criteria  presented  in  Figure  6  and  Table  II  could  be  used  for  broad-band 
noise  signals  as  well,  since  no  distinction  is  made  between  the  response  of  the  ear 
to  bands  of  noise  or  tones.  However,  inasmuch  as  the  noise  estimating  method  cal¬ 
culates  broad-band  noise  in  l/3-octave  band  SPL's,  it  is  economical  to  convert 
Figure  6  into  equivalent  l/3-octave  band  SPL's.  That  is  to  say,  the  levels  of  the 
l/3-octave  bands  (of  constant  energy  within  bandwidths)  which  have  spectrum  levels 
equal  to  the  detection  level  at  each  band-center  frequency  were  computed  and  are 
shown  in  Table  III. 

To  illustrate  the  derivation  of  the  levels  shown  in  Table  III,  consider  a  l/3- 
octave  band  SPL  of  band-center  frequency  of  800  Hz.  The  width  of  this  band  is  183  Hz. 
Thus,  for  it  to  have  a  spectrum  level  of  10  dB  (the  nighttime  jungle  detection  criterion 
at  800  Hz  from  Figure  6),  it  must  have  a  sound  pressure  level  of: 


p 
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TABLE  11 

EQUATIONS  FOR  PURE  TONE  AURAL  DETECTABILITY  CRITERIA 


The  detection  level,  SPLq,  at  a  given  frequency,  f,  id  given  by: 
SPLd  =  C  +  Cx  In  f  +  C2  (In  f)2  +  .  .  •  +  CN  (In  f)  N 

whore  the  coefficients  Cq,  C^ . C jq  are  defined  as  follows: 

1.  Daytime  jungle  environment 


Coefficient 


Frequency  Range 

1. 5  to  G7  Hz 

67  to  900  Hz 

900  to  10,000  Hz 

125.2 

585.3 

169.2 

0. 698014 

-286.929 

-2.38024 

-15.1156 

48.6023 

-1. 10338 

6.16882 

-2.75325 

-1.47127 

-1.34790 

0 

0. 137120 

0.299928 

0 

0. 016260 

-0.109861 

0 

-0. 001549 

0.014986 

0 

0 

Nighttime  jungle  environment 


"requency  Range 


1.5  to  67  Hz 

67  to  735  Hz 

735  to  6,000  Hz 

6,000  to 
10,000  Hz 

125.2 

261.4 

480.2 

36.4 

0.698014 

-56.2722 

-94.0359 

0 

-15.1156 

-2.34364 

-4.44855 

0 

6. 16882 

-0.591769 

0.181656 

0 

-1.34790 

0.438657 

0. 312787 

0 

0.299928 

-0.027795 

-0.024082 

0 

-0.109861 

-0.00114 

0 

0 

0.014986 

L_! _ 

0 

0 

TABLE  III 

AURAL  DETECTABILITY  CRITERIA  FOR  1/3-OCTAVE  BANDS  OF  NOISE 


Band  Center 
Frequency 


1.6  Hz 


80 

100 

125 

1(50 

200 

250 

315 

100 

500 

625 

800 

1000 

1250 

1600 

2000 

2500 

3150 

•1000 

5000 

6250 

8000 

10000 


Daytime 

Jungle 


121.5  dB 
120 

117 

113.5 
109 
104 

99.5 
95 

91.5 

87.5 
82 

74.5 
65 
56 
48 

41.5 

37 
34 

33.5 

34.5 

35.5 

36.5 

37.5 

38.5 
39 

39.5 

39.5 
39 

38.5 

38 

38 

39 
41 
•14 
47 

50.5 

53. 5 
55 

56.5 


Nighttime 

Jungle 


SPL  10  ♦  10  log  (183)  -  32.5  dB 


The  other  bunds  were  treated  in  a  similar  fashion. 

7.  ALTERNATE  METHOD  USED  BY  AIR  FORCE 

The  Air  Force  developed  an  alternate  method  for  calculating  aural  detection 
range  of  broad-band  propeller  noise  after  the  draft  of  this  report  was  submitted.  A 
description  of  this  alternate  method  was  prepared  by  the  Air  Force  and  is  included 
as  Appendix  II  of  this  report  at  their  request.  Use  of  this  alternate  method  may  in¬ 
crease  the  minimum  undetectable  altitude  of  broad-band  noise  by  about  a  factor  of 
three  relative  to  the  method  discussed  above. 

8.  SUMMARY 

In  summary,  aural  detection  criteria  were  derived  for  pure  tones  of  frequency 
range  1.5  to  10,000  Hz  and  l/3-octave  bands  of  noise  of  center  frequencies  from  1.6 
to  10,000  Hz  based  on  laboratory  test  data  for  the  auditory  thresholds  and  the  masking 
effects  of  a  quiet  daytime  and  nighttime  jungle  noise. 

The  detection  criteria  for  pure  tones  were  converted  to  equation  form  expressing 
the  detection  level  as  a  function  of  frequency.  Also,  the  detection  criteria  for  broad¬ 
band  noise  was  converted  to  equivalent  l/3-octave  band  SPL’s.  In  each  case, 
detection  is  said  to  occur  if  any  component  of  the  noise  signal  equals  or  exceeds  the 
detection  criteria. 


16 


* 


SECTION  III 


PROPELLER  NOISE  THEORY 


1.  INTRODUCTION 

Theoretical  methods  of  predicting  propeller  rotational  noise  have  been  under 
continuous  development  since  1936  when  the  work  of  Gutin^)  was  published  describ¬ 
ing  the  basic  disc  theory  of  noise  due  to  blade  loading.  Rotational  noise  is  a  tone 
noise  which  occurs  at  harmonics  of  the  blade  passing  frequency  Bn/'60  Hz.  For 
moderate-to-high  tip  speeds  used  in  nearly  all  applications  of  propellers,  calculations 
based  on  the  theory  show  generally  good  agreement  with  test  data. 

The  first  theory  of  vortex  noise  was  developed  in  1944  by  Yudin^1^  and  was  based 
on  a  dimensional  analysis  of  flow  parameters  around  rotating  rods.  The  term 
"vortex  noise"  has  been  given  to  the  broad-band  noise  produced  by  a  propeller  or 
rotor,  because  it  was  believed  to  be  caused  by  an  oscillating  force  associated  with  a 
Kill- man  vortex  street,  such  as  is  observed  behind  a  rod  normal  to  a  moving  stream. 
Subsequent  work  has  produced  several  empirical  procedures  for  predicting  vortex 
noise. 

Experimental  data  for  medium-  and  high-tip  speed  propellers  and  published  data 
for  helicopters  show  noise  frequency  spectra  which  usually  have  the  following  general 
characteristics:  a)  there  are  a  series  of  tone  noises,  the  first  at  the  blade-passing 
frequency  of  Bn/60  Hz  and  the  rest  at  multiples  of  this  frequency,  b)  the  SPL  of  these 
rotational  tone  noises  decreases  with  increasing  harmonic  number  until  the  tones 
become  lost  in  broad-band  noise:  and  c)  there  is  a  broad-band  noise  which  has  a 
maximum  sound  level  at  a  frequency  of  a  few  hundred  Hertz.  The  harmonic  noise 
levels  are  a  maximum  just  behind  the  propeller  plane,  near  105°,  and  decrease 
near  the  propeller  axis.  The  broad-band  noise  levels,  on  the  other  hand,  are  a  maxi¬ 
mum  on  the  axis  and  a  minimum  near  the  propeller  plane.  The  theory  for  propeller 
rotational  noise  and  the  empirical  procedures  for  vortex  noise  result  in  the  same 
frequency  spectrum  shape  as  that  described  above  based  on  measurements. 

The  theories  for  propeller  noise  contain  several  assumptions  which  may  not 
always  tie  stated  explicitly.  Therefore,  it  is  appropriate  to  discuss  these  common 
assumptions  in  the  following  section,  The  theories  of  propeller  rotational  and  vortex 
mdse  are  discussed  in  Section  III.  3.  Some  general  considerations  of  geometrical 
acoustics  which  apply  to  propeller  noise  are  presented  in  Section  III. 4.  Lastly  the 
effects  of  reflection  of  the  noise  from  the  ground  on  the  noise  at  the  observer  are 
described. 
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12.  ASSUMPTIONS 


The  usual  noise  theories  are  based  on  the  following  assumptions: 

a.  The  sound  waves  are  weak  and  propagate  at  the  speed  of  sound,  which  is 
proportional  to  the  square  root  of  the  absolute  temperature  of  the  ambient 
air, 

b.  The  sound  waves  propagate  through  air  which  is  at  rest  (no  wind  or  turbu¬ 
lence)  and  has  a  constant  speed  of  sound.  Therefore,  air  velocities  induced 
by  the  propeller  and  aircraft  are  not  considered. 

c.  The  basic  wave  equations  may  be  linearized,  so  that  independent  solutions 
for  each  sound  source  may  be  added.  Therefore  nonlinear  effects'1  '  are 
ignored. 

d.  Absorption  of  sound^K  which  is  proportional  to  distance  and  depends  on 
temperature,  humidity  and  sound  frequency,  is  not  considered.  However, 
the  propeller  noise  detectability  computer  program  discussed  in  Section  VIII 
does  include  a  correction  for  sound  absorption. 

e.  The  propeller  is  either  operating  statically  or  is  moving  along  the  propeller 
axis  at  constant  speed. 

f.  The  noise  from  separaLe  propellers  has  a  random  phase  relation.  There¬ 
fore.  the  addition  of  sound  from  more  than  one  propeller  adds  10  log 
(number  of  propellers)  to  the  sound  pressure  level  of  one  propeller.  Thus, 
two  propellers  are  3  dB  noisier  than  one  and  would  be  detected  nearly  1.4 
times  as  far  away. 

g.  The  propeller  blades  are  identically  loaded,  geometrically  identical, 
equally  spaced,  and  located  in  a  disc  normal  to  the  propeller  axis  and  flight 
path.  The  effects  of  non-equal  spacing  in  fans  has  been  investigated  and  il 
has  been  shown  that  sound  energy  can  be  redistributed  among  the  harmonics. 
However,  further  development  is  required  if  these  effects  are  to  be  included 
in  propeller  noise  theory. 

h.  The  propeller  and  observer  are  in  a  free  field:  i.e.,  there  is  no  sound  re¬ 
flecting  surface  nearby.  The  consequences  of  this  assumption  are  discussed 
in  Section  III. 5. 

3.  NOISE  SOURCES 

Historically,  propeller  noise  has  been  divided  into  three  sources:  loading  noise, 
thickness  noise  and  vortex  noise.  The  first  two  sources,  collectively  called  rotational 
noise,  result  in  a  series  of  harmonic  tones  at  frequencies  which  are  multiples  of  the 
blade  passing  frequency.  Bn/60  Hz.  The  third  source,  vortex  noise,  is  often  associated 
with  a  periodic  force  on  the  blades  due  to  a  periodic  wake,  similar  to  the  Karman 
vortex  street  from  a  cylinder  normal  to  the  flow. 
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First  consider  rotational  noise.  To  an  observer  rotating  in  a  reference  frame 
fixed  to  the  rotating  propeller,  the  B  blades  produce  a  steady  disturbance  pressure 
field  which  has  a  circumferential  period  of  360°/B.  The  disturbance  pressures  are 
due  to  the  loads  (conventionally  resolved  into  thrust  and  torque  components)  on  the 
blades  and  due  to  the  volume  (thickness)  of  the  blades.  But  to  an  observer  who  is 
stationary  (not  rotating),  the  disturbance  pressure  field  is  rotating  with  the  propeller 
at  n  rpm  and,  therefore,  the  pressure  at  the  observer  not  on  the  axis  oscillates  with 
a  fundamental  frequency  of  Bn/60  Hz.  This  oscillating  pressure  is  the  harmonic 
rotational  noise  and  may  be  Fourier  analyzed  to  determine  the  pressure  amplitude 
of  each  harmonic  of  the  blade  passing  frequency.  On  the  propeller  axis  the  pressure 
is  constant  and,  therefore,  there  is  no  rotational  noise.  Theoretically,  the  thickness 
noise  is  a  maximum  in  the  propeller  plane  and  zero  on  the  propeller  axis.  Loading 
noise  is  a  maximum  just  behind  the  propeller  plane.  However,  if  a  circumferential 
variation  in  blade  loading  exists,  there  is  loading  noise  present  on  the  axis  and  the 
variation  in  loading  noise  with  direction  decreases.  The  variation  in  blade  loading 
may  be  due  to  operation  of  the  aircraft  at  an  angle  of  attack  and  to  interference  from 
the  airframe. 

The  theory  of  broad-band  propeller  noise  is  much  less  developed  and  understood 
than  the  theory  for  harmonic  noise.  The  published  theories  all  rely  on  at  least  one 
empirical  factor,  unlike  the  harmonic  noise  theories.  Several  possible  sources  of 
broad-band  noise  have  been  suggested,  including  a)  an  alternating  vortex  shedding  at 
the  trailing  edge  of  the  blade,  b)  fluctuating  pressures  in  the  turbulent  boundary  layer 
flowing  over  the  blade,  and  c)  turbulence  in  the  incoming  airflow. 

4.  GFOMF.TRIC  ACOUSTICS 

Several  factors  which  :iffecl  the  noise  characteristics  heard  by  an  observer,  but 
which  do  not  depend  on  the  noise  source,  are  discussed  in  this  section. 

Near  the  propeller,  the  sound  pressure  level  varies  with  distance  from  the 
propeller  in  a  complicated  way  because  of  the  way  that  noise  from  different  parts  of 
the  propeller  combines.  However,  in  the  far-field.  typically  over  3  to  5  diameters 
away,  the  variation  with  distance  becomes  quite  simple:  a  6  dB  decrease  in  noise 
SPL  for  each  doubling  of  distance. 

If  the  sound  is  propagated  vertically  the  simple  relation  of  6  dB/doubling  of 
distance  should  be  modified  because  of  the  vertical  gradients  in  atmospheric  density 
and  speed  of  sound.  If  the  sound  intensity  at  the  observer  is  not  altered  by  these 
gradients,  the  square  of  the  amplitude  of  the  sound  pressure  is  proportional  to  the 
product  of  density  and  speed  of  sound  at  the  observer.  Because  both  these  parameters 
decrease  with  altitude  (below  36089  feet  for  the  standard  atmosphere^16))  the  SPL  at 
an  observer  below  the  propeller  is  larger  than  at  an  observer  at  the  same  altitude  as 
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the  propeller.  This  effect  increases  the  SPL  by  0.142  dB/1000  ft  altitude  difference 
for  the  standard  temperature  lapse  rate  of  6.5°K/Km.  This  increment  in  SPL  is 
included  in  the  calculation  of  the  minimum  undetectable  altitude  by  the  computer 
program. 

As  the  distance  between  the  propeller  and  the  observer  becomes  large,  especially 
for  high  frequencies,  the  sound  pressure  level  is  further  reduced  by  the  effects  of 
molecular  absorption  in  the  atmosphere.  Published  reports  on  absorption 
coefficients! 5  ,r>)  show  that  the  SPL  is  reduced  by  an  amount  which  is  proportional  to 
the  sound  propagation  distance.  The  proportionality  factor,  cr  coefficient  of  at¬ 
mospheric  absorption,  is  a  function  of  the  atmospheric  temperature  and  relative 
humidity  and  of  the  sound  frequency.  The  coefficient  is  small  at  low  frequencies  but 
increases  rapidly  with  frequency  above  1000  Hz.  The  computer  program  uses  the 
equations  for  the  coefficients  f  atmospheric  absorption  from  Ref.  (15). 

Motion  of  the  aircraft  through  the  air  has  several  effects  on  the  propeller  noise. 
Motion  changes  the  sound  power  level  produced  and  the  directivity  pattern  of  the  noise 
produced.  The  theory  for  harmonic  loading  noise  with  the  observer  stationary  rela¬ 
tive  to  the  aircraft  (both  moving  or  only  air  moving)  is  presented  in  Ref.  (17).  For  a 
fixed  observer,  as  assumed  in  the  computer  program,  the  sound  pressure  level  is 
unaltered  relative  to  the  case  of  a  moving  observer  but  the  sound  frequency  is  altered 
by  the  familiar  Doppler  effect.  For  an  airplane  flying  at  a  Mach  number  M  along  a 
straight  path  which  is  Y  feet  from  the  observer,  the  frequency  is  multiplied  by  a 
factor  1  (1  -  Xp  My/XpZ  +  y2)  where  Xp  is  the  distance  to  the  observer  forward  of 
the  propeller  plane  when  the  sound  was  produced.  The  result  is  to  increase  the 
frequency  while  the  plane  is  approaching  (Xp  >0)  and  to  decrease  the  frequency  as 
the  pit  ?  leaves  (Xp<  0). 

Because  the  speed  of  sound  is  small  relative  to  the  speed  of  light,  the  airplane 
is  not  seen  at  the  location  at  which  the  sound  being  heard  was  produced.  If  the  ob¬ 
server  is  at  distance  X  forward  of  the  propeller  plane  when  a  sound  is  heard,  the  ob¬ 
server  was  at  a  distance  Xp  forward  when  the  sound  was  produced,  where 


•e  is  required  because  the  atmospheric  absorption  is  proportional  to 
the  distance  the  sound  propagated.  The  relation  between  these  various 
distances  is  illustrated  in  the  following  sketch. 
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This  distant 


5.  GROUND  REFLECTION 

When  an  acoustic  wave  impinges  on  a  rigid  surface,  it  is  generally  reflected. 
Thus,  in  an  aircraft  flyover  the  noise  emanating  from  the  aircraft  will  propagate  to 
the  ground  and  be  reflected.  This  reflected  wave  will  then  interact  with  the  direct 
wave  and  give  rise  to  interference  patterns  in  the  acoustic  field.  At  some  location 
and  frequency,  there  may  be  constructive  interference  (when  the  incoming  and  re¬ 
flected  waves  are  in  phase)  in  which  case  the  acoustic  pressure  is  greater  than  for 
free-field  conditions  (no  obstructions  in  the  acoustic  field).  Conversely,  destructive 
interference  will  occur  elsewhere  or  at  some  other  frequency  in  which  case  the 
acoustic  pressure  will  be  less  than  for  a  free-field. 

The  exact  magnitude  of  this  effect,  relative  to  free-field  conditions,  is  difficult 
to  estimate.  However,  theory  indicates  that  the  correction  to  free-field  estimates 
would  vary  from  a  reduction  of  infinity  dB  for  complete  destructive  interference 
to  an  increase  of  (»  dB  when  the  reflected  and  direct  waves  are  of  equal  amplitude 
and  in  phase.  The  actual  effect  at  some  field  point  depends  on  several  factors, 
including  a)  the  amplitude  and  frequency  characteristics  of  the  source,  b)  the 
altitudes  of  the  source  and  field  point  above  the  ground,  c)  the  distance  from  the 
source  to  the  field  point,  d)  the  angle  of  incidence  of  this  wave  onto  the  ground  surface, 
and  e)  the  complex  impedance  of  the  ground. 

To  our  knowledge,  a  comprehensive  ground  reflection  effect  calculation  procedure 
is  not  available  at  the  present  time,  although  several  investigations  are  presently  under 
wav.  In  was  thus  decided  not  to  include  this  effect  in  the  computer  program  developed 
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for  this  contract.  However,  it  could  be  included  at  some  later  lime  when  results  of 
current  work  become  available. 

However,  due  consideration  is  given  to  the  phenomenon  of  ground  reflection  in 
correcting  the  test  data  acquired  in  the  course  of  this  program  to  equivalent  free- 
field  conditions.  Thus,  in  Section  VI,  a  description  is  given  of  the  empirically- 
derived  effects  of  ground  reflections  on  the  noise  measured  for  the  propeller 
configurations  tested. 


SECTION  IV 


HARMONIC  ROTATIONAL  NOISE  THEORY 


1.  INTRODUCTION 

Development  of  theoretical  methods  of  predicting  propeller  rotational  noise  was 
started  in  1938  when  Gutin^)  published  a  paper  describing  the  basic  disc  theory  of 
noise  due  to  the  thrust  and  torque  loads  on  propeller  blades.  Gutin's  theory  is  limited 
to  a  stationary  (i.e. ,  not  flying,  as  on  a  ground  test  rig)  propeller  in  still  air,  and 
approximations  are  made  which  limit  the  theory  to  the  fundamental  and  first  overtones 
at  a  distance  exceeding  several  propeller  diameters. 

Several  workers  have  removed  these  limitations  to  produce  the  currently- 
accepted  theories  for  propeller  loading  noisei1^  to  ^2)  Experience  has  shown  that 
these  theories  provide  generally  good  agreement  with  test  data  at  moderate  to  high 
tip  speeds. 

Development  of  theoretical  methods  of  predicting  propeller  thickness  noise  had  a 
similar  history,  resulting  in  Arnoldi's  theoryi23)  Calculations  have  shown  that  thick¬ 
ness  noise  may  exceed  loading  noise  in  the  higher  harmonics  If  the  blade  is  large; 
i.e. ,  if  the  chord  width  and  thickness  are  large. 

The  theoretical  equations  for  harmonic  loading  and  thickness  noise  developed 
from  the  above  works  which  arc  used  in  the  propeller  noise  detectability  program  are 
presented  in  this  section.  Two  significant  comments  regarding  the  equations 
embodied  in  this  program  are  worth  making.  First,  the  effective-radius  approximation 
which  concentrates  the  propeller  load  and  volume  noise  sources  at  one  radius, 
usually  MO'r  of  the  tip  radius,  is  not  used.  Therefore  changes  in  the  radial  distribution 
of  propeller  blade  loads  and  geometry  are  accounted  for.  Second,  in  order  to  account 
for  effects  of  large  blade  chords,  the  blade  loads  are  assumed  to  be  distributed 
uniformly  over  the  blade  chord  rather  than  concentrated  on  a  radial  line.  The  effect 
of  blade  angle  reducing  the  projection  of  the  chord  onto  the  propeller  plane  is  allowed 
for.  Experience  with  another  program  by  Hamilton  Standard  has  shown  that  using-  a 
distributed  load  has  little  effect  on  the  level  of  the  fundamental,  but  does  reduce  the 
level  of  the  higher  harmonics  compared  to  calculations  with  a  concentrated  load.  It 
is  believed  that  the  program,  which  does  not  use  either  the  effective  radius  or  the 
concentrated  load  assumptions,  Is  more  accurate  and  will  show  the  effects  of  changes 
in  blade  geometry. 
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2.  HARMONIC  LOADING  NOISE  THEORY 


Because  the  development  of  the  harmonic  loading  noise  theory  is  readily  available 
in  the  literature,  (e.g. ,  in  Refs.  17  and  18)  it  will  not  be  presented  here.  The  theory 
is  based  on  an  array  of  non-steady  point  forces  in  the  propeller  disc  representing  the 
blade  thrust  and  torque  forces.  Each  of  these  point  forces  is  zero  except  when  a 
propeller  blade  is  located  in  the  same  part  of  the  disc.  Thus,  each  force  acts  as  a 
series  of  pulses  with  a  fundamental  frequency  equal  to  the  blade-passing  frequency 
and  a  pulse  width  proportional  to  the  blade  chord.  These  point  forces  move  along  the 
flight  path  with  the  propeller,  but  do  not  rotate  with  the  blades.  The  assumption  is 
made  of  a  constant  chordwise  blade  loading  over  the  projection  of  the  chord  onto  the 
propeller  plane  rather  than  the  common  zero-chord  assumption.  The  assumption  is 
made  that  the  blade  loads  do  not  vary  circumferentially;  i.e. ,  the  blade  loads  are 
constant.  The  equation  for  the  disturbance  pressure  at  a  field  point  with  coordinates 
(X,  Y)  relative  to  the  propeller  centerline  is; 
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The  derivation  of  the  equation  is  outlined  in  Appendix  I. 


(3) 


This  equation  is  valid  in  the  near  field  at  distances  greater  than  a  chord  from  the 
tip  provided  that  the  wavelength  of  the  sound  exceeds  the  chord.  The  propeller  noise 
detectability  computer  program  performs  the  circumferential  ($)  integration  by 
Simpson's  1/3  rule  using  at  least  100  intervals  and  the  radial  (r)  integration  using  a 
10-point  Gauss  integration.  The  term  r  sin  (mBb  cos  0/2r)/b  cosO  depends  on  the 
solidity  or  activity  factor  and  is  a  result  of  assuming  a  constant  chordwise  loading. 
The  formulation  of  the  equation  for  loading  noise  presented  in  Ref.  (18)  is  that  used  by 
the  computer  program. 


The  disturbance  pressure  is  the  sum  of  harmonics,  which  are  multiples  of  the 
blade-passing  frequency  Bn/60  Hz.  The  amplitude  of  each  harmonic  is  given  by 
Eq.  (3)  without  the  term  and  the  corresponding  sound  pressure  level  is 

124.572  +  20  log  (amplitude),  where  the  amplitude  is  expressed  in  psf.  This  equation 


P 


24 


follows  from  the  definition  of  sound  pressure  level,  20  log  (p/p^)  dB,  where  p  is  the 
rms  sound  pressure  (=  pressure  amplitude  A/2)  and  p0  is  the  reference  pressure 
(0.  0002  microbar  =  4. 177  x  10"7  psf).  The  constant  124.  572  equals  -20  log 
(•s/S  (4.177  x  10"7)). 

For  static  operation,  torque  loading  noise  is  a  maximum  in  the  propeller  plane, 
symmetrical  about  the  propeller  plane,  and  zero  on  the  axis.  Thrust  loading  noise, 
on  the  other  hand,  has  two  lobes  at  about  =  45°  and  135°  and  is  zero  on  the  axis  and 
in  the  propeller  plane.  Addition  of  these  two  loading  noises  retiults  in  a  maximum 
noise  about  15°  behind  the  propeller  plane.  In  flight  these  directivity  patterns  are 
somewhat  distorted.  These  characteristics  of  the  directivity  pattern  are  not  readily 
apparent  from  an  examination  of  Eq.  (3).  However,  they  may  be  demonstrated  by 
calculation  using  the  propeller  noise  detectability  program.  Alternatively,  if  the 
far-field  approximation  is  used  the  equation  for  harmonic  loading  noise  may  be  changed 
to  a  form  which  readily  shows  the  directivity  pattern  discussed.  This  equation  is 
pi'esented  as  Eq.  (5)  in  a  following  section. 

A  significant  result  of  the  assumption  of  constant  blade  loading  is  that  the  pro¬ 
peller  noise  field  is  symmetrical  about  the  propeller  axis  and,  therefore,  the  location 
of  field  point,  or  observer,  may  be  specified  in  terms  of  only  two  variables  (e.g. , 

X  and  Y). 

3.  HARMONIC  THICKNESS  NOISE  THEORY 

The  development  of  the  harmonic  thickness  noise  theory  used  by  the  propeller 
noise  detectability  program  is  presented  in  Ref.  (23)  and  will  not  be  repeated  here.  It 
assumes  that  a  doublet,  or  dipole,  moving  along  a  helical  path  is  the  noise  source. 

The  disturbance  pressure  is  proportional  to  the  strength  of  this  doublet  wrhich,  in 
turn,  is  proportional  to  the  product  of  blade  chord  and  thickness.  The  proportionality 
factor  is  called  the  thickness  noise  doublet  strength  proportionality  factor  by  Arnoldi, 
who  presents  a  method  for  computing  this  factor  from  a  chordwise  pressure  distribu¬ 
tion  over  the  blade  airfoil.  However,  it  is  usually  satisfactory,  to  use  an  approximate 
area  formula  for  thin  airfoils  which  states  that  this  factor  equals  the  ratio  of  the  blade 
section  cross-sectional  area  to  the  product  of  blade  chord  and  thickness.  Typical 
values  of  the  factor  are  near  0.7. 

Arnoldi's^'^  equation  for  thickness  noise,  after  modifications  described  in 
Appendix  I.  is 
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The  propeller  noise  detectability  computer  program  uses  the  same  method  to  integrate 
this  equation  as  it  uses  for  the  loading  noise  Eq.  (3). 

It  can  be  seen  from  Eq.  (4)  that  thickness  noise  increases  as  the  blade  cross 
sectional  area  is  increased,  by  increasing  chord  for  example.  Calculations  by 
Hamilton  Standard  show  that  thickness  harmonic  noise  is  likely  to  predominate  over 
loading  harmonic  noise  if  the  propeller  is  lightly  loaded  or  if  the  blade  is  large.  For 
static  operation,  thickness  noise  is  a  maximum  in  the  propeller  plane,  is  symmetrical 
about  the  propeller  plane,  and  is  zero  on  the  axis.  In  flight  this  directivity  pattern  is 
somewhat  distorted.  The  phase  of  the  pressure  changes  induced  by  the  two  harmonic 
noise  sources  is  such  that  they  tend  to  add  behind  the  propeller  plane  and  to  subtract 
in  front  of  the  propeller  plane.  These  characteristics  are  not  readily  apparent  from 
an  examination  of  Eq.  (4)  but  have  been  demonstrated  by  calculations  performed  by 
the  propeller  noise  aural  detectability  program. 


4.  FAR- FIELD  APPROXIMATION 


If  the  field  point  is  far  from  the  propeller,  the  equations  for  loading  and  thickness 
harmonic  noise  may  be  simplified.  The  dividing  line  between  the  near-field,  in  which 
only  equations  (:t)  and  (4)  are  valid  and  the  far  field,  in  which  equations  (5)  and  (6)  are 
also  valid,  is  generally  set  at  3  to  5  diameters.  The  computer  program  uses  f>  diam¬ 
eters  as  a  criterion.  In  the  far-field,  terms  with  higher  orders  of  the  reciprocal  of 
the  distance  became  insignificant  and  therefore  it  is  possible  to  perforin  the  circum¬ 
ferential  integration  analytically,  resulting  in  Bessel  functions  of  the  first  kind  appear¬ 
ing  in  the  equation.  Often  the  radial  integration  is  replaced  by  an  effective-radius 
approximation,  but  this  approximation  has  not  been  used  in  the  propeller  noise  detect¬ 
ability  program. 

Because  of  the  saving  in  machine  time,  and  because  the  near-field  calculations 
may  encounter  numerical  problems  with  circumferential  integration  at  low  noise  levels, 
it  is  recommended  that  the  far-field  approximation  be  used  whenever  possible.  Sample 
computer  runs  have  shown  agreement  in  SPL  levels  computed  by  the  near-field  and 
far-field  methods.  However,  the  oscillatory  pressure  components  of  the  ground 
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pressures  do  not  agree.  Tins  disagreement  is  acceptable  because  a  phase  term  which 
is  left  out  of  both  the  following  far-field  noise  equations  does  not  change  the  relative 
phase  between  the  loading  and  thieknoss  noise  pressures. 


The  equation  for  far-field  loading  noise  is: 
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Appendix  I  includes  the  derivation  of  Eq.  (f>).  The  argument  of  the  Bessel  functions  is 
mBf2Yr/aS().  The  characteristics  of  the  Bessel  functions  in  this  equation  are  such  that 
they  are  zero  if  the  argument  is  zero.  Therefore  Eq.  (5)  shows  that  for  field  points  on 
the  propeller  axis,  where  Y  =  0,  there  is  no  loading  noise,  as  was  discussed  earlier  in 
connection  with  the  near-field  Eq.  (3).  The  torque  loading  noise  is  a  maximum  for 
field  points  in  the  propeller  plane  where  the  argument  of  the  Bessel  function,  and 
therefore  the  function  itself,  is  a  maximum.  The  thrust  loading  noise,  on  the  other 
hand,  for  static  operation  (i.e. ,  M  =  0)  is  shown  by  Eq.  (5)  to  be  zero  in  the  propeller 
plane  where  X  0.  In  addition,  behind  the  propeller  plane  (X<  0)  the  thrust  and  power 
terms  add  and  ahead  of  the  propeller  plane  (X  >0)  they  partially  cancel.  Calculations 
have  shown  that  the  combined  effect  is  that  the  harmonic  loading  noise  is  a  maximum 
about  ir»°  behind  the  propeller  plane  for  static  conditions. 

The  equation  for  far-field  thickness  noise  derived  in  Appendix  I  is: 

.—  ■Vb1  <vmx>2  f  n , 

Pm  °  - 22  - 3 -  7  Khb 

2n(l  -  M  }  J 


fl  -  M  )Yr 
2 


mB-1 


-  J  _  ,) 
mB+1 


27 


As  discussed  above,  the  Bessel  functions  in  Eq.  (6)  cause  the  calculated  thickness 
noise  to  be  a  maximum  in  the  propeller  plane  for  static  operation  and  zero  on  the  pro 
peller  axis,  thus  substantiating  the  statements  made  about  the  directivity  pattern  ot 
thickness  noise  in  the  preceding  section. 

11h>  two  Bessel  functions  JmB_t  and  JmB+1  appear  because  a  more -exact  far  - 
field  approximation  than  is  usually  presented  in  the  literature  is  employed.  This 
approximation  as  used  here  is: 
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This  equation  differs  from  that  originally  published  by  Arnoldi  because  a  typographical 
error  has  been  corrected. 


r>.  EFFECT  OF  HARMONIC  LOADS  ON  LOADING  NOISE 

The  theory  for  harmonic  loading  noise  which  resulted  in  Eq.  (3)  contains  the 
assumption  that  the  blade  loading  does  not  vary  as  the  blade  rotates.  This  assumption 
permits  some  analytical  simplification  and  is  expected  to  be  valid  if  the  propeller  axis 
is  not  inclined  to  the  flight  direction  and  there  is  no  interference  from  non- symmetrical 
objects.  For  a  helicopter  in  forward  flight,  for  example,  this  assumption  cannot  be 
expected  to  be  valid  and  therefore  far-field  equations  for  rotor  harmonic  loading  noise 
with  unsteady  harmonic  loads  were  developed  (e.g.,  Refs.  (19)  to  (22)).  The  Four  er 
components  of  the  thrust  and  torque  loads  are  used.  The  zero-order  loads  are  the 
average  steady -state  loads.  The  equation  for  the  mth  harmonic  or  loading  noise 
pressure  in  the  far-field  derived  in  Appendix  I  is: 
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where  a  xt  and  b  XT  are  f-^e  real  an{*  imaginary  components  of  the  thrust  harmonic  T;v, 
and  a  xq  and  b  xq  are  the  real  and  imaginary  components  of  the  torque  harmonic  Qx- 
Note  that  the  bgT  =  b0Q  =  0.  Furthermore,  with  the  assumption  that  the  blade  loads 
are  concentrated  at  an  effective  radius  of  0.4D,  one  has  agT  =  T  and  aQQ  =  Q  = 
r>2f>2. 1  HP/n.  Except  for  an  unusual  combination  of  harmonic  load  components,  the 
presence  of  the  harmonic  loads  will  increase  the  harmonic  loading  noise  sound  pres¬ 
sure  level.  This  increase  is  largest  near  the  propeller  axis  and  in  the  higher  harmonic 
orders. 


In  general,  it  is  possible  to  predict  the  lower-order  harmonic  loads  required  in 
Eq.  (8)  due  to  angle  of  attack  of  the  propeller  axis  or  interference  from  the  wings  and 
fuselage.  Hamilton  Standard  has  a  computer  program  that  can  predict  up  to  four  load¬ 
ing  harmonics  due  to  interference.  A  separate  program  which  can  use  many  more 
load  harmonics  predicts  the  resulting  loading  noise.  Unfortunately,  the  present  limit 
of  four  loading  harmonics  means  that  not  even  the  first  noise  harmonic  can  be  pre¬ 
dicted  accurately.  It  appears  from  the  test  data  measured  during  the  experimental 
phase  of  this  contract  that  harmonic  loads  are  present  even  with  an  apparently  ’’clean" 
installation.  In  this  case  neither  the  phase  nor  the  radial  distribution  of  the  harmonic 
loads  may  be  known.  Therefore  the  discussion  of  the  effect  of  harmonic  loads  on 
propeller  loading  noise  will  be  restricted  to  the  far-field  effective-radius  static  case 
with  a  random  phasing  of  the  harmonic  loads  assumed. 

Lowson  and  Ollerhead(20)  to  (22)  have  shown  that  only  loading  harmonics  or 
orders  in  the  range  mB  (1  +  Vj/a)  contribute  significantly  to  the  harmonic  noise  of 
order  m.  Therefore  a  noise  pressure  with  an  amplitude  squared  of 


mB(l+Vt/a) 

»m2-  £ 

X  =mB(l-Vt/a) 


nBfi 


must  be  added  to  that  computed  from  Eq.  (5).  Equation  (9)  is  derived  in  Appendix  I. 


Depending  on  the  magnitude  of  the  harmonic  loads,  they  will  add  significantly  to 
the  levels  of  harmonic  loading  noise  for  uniform  loads  computed  from  Eq.  (5).  The 
harmonic  loads  are  most  likely  to  increase  the  higher  harmonics.  Also,  with  harmonic 
thrust  loads  present  loading  noise  is  predicted  to  occur  on  the  axis  whereas  for  uniform 
loading  the  previous  discussion  has  shown  that  there  is  no  harmonic  noise  on  the  axis. 

Levels  for  the  loading  harmonics  of  helicopter  rotors  were  presented  by  Ollerhead 
and  Lowson(-lV  They  suggest  that  the  level  of  a  load  harmonic  equals  the  steady-state 
load  divided  by  the  load  order  to  the  2.5  power.  For  a  compressor  the  exponent 
appears  to  be  1.0  rather  than  the  2.5  for  helicopters.  Estimates  of  the  loading  har¬ 
monics  were  derived  from  the  harmonic  noise  data  measured  in  the  experimental 
program  and  are  discussed  in  a  later  Section  VII.  2b,  where  an  exponent  of  1.43  is 
recommended. 
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SECTION  V 


BROAD-BAND  NOISE  THEORY 


1.  INTRODUCTION 

The  first  theory  of  vortex  noise  was  developed  by  Yudin^3)  in  1944  and  was  based 
on  a  dimensional  analysis  of  flow  parameters  around  rotating:  rods.  The  theory  is 
based  on  the  observation  that  a  Karman  vortex  street  is  observed  behind  the  rod  over 
a  significant  range  of  Reynolds  numbers  and  produces  an  oscillating  force  on  the  rod. 
Because  of  difficulties  with  a  rigorous  mathematical  analysis,  later  studieo  have 
concentrated  on  determining  empirical  coefficients  which  apply  to  propellers  or 
helicopter  rotors.  These  will  be  discussed  in  the  next  section. 

Most  empirical  broad -band  noise  prediction  methods  are  incomplete  because  they 
do  not  predict  directivity  effects,  noise  levels  and  spectrum  shape.  All  three  are  re¬ 
quired  for  a  detectability  study.  Also,  they  involve  gross  parameters  such  as  total 
thrust  and  blade  area  without  including  the  radial  distribution  of  these  parameters, 

Two  methods,  developed  previously  by  Hamilton  Standard,  are  complete  and  are  in¬ 
corporated  into  the  propeller  noise  detectability  program  as  options.  A  third  method 
was  developed  in  the  present  program  and  is  incorporated  into  the  propeller  noise 
detectability  program.  This  new  method  predicts  the  broad-band  noise  level  in  each 
1 /9-octave  band  and,  unlike  most  other  methods,  uses  a  detailed  description  of  the 
propeller  blade  geometry.  Thus,  it  is  the  most  complete  method  for  predicting  pro¬ 
peller  broad-band  noise  available.  'Hie  selection  of  the  3  empirical  coefficients  re¬ 
quired  by  the  method  is  based  on  noise  data  measured  during  the  test  phase  of  this 
program  and  is  discussed  in  a  later  section.  Development  of  this  new  broad-band 
noise  method  is  one  of  the  major  tasks  of  this  contract  and  is  presented  in  Section  V.3. 

A  study  of  the  effect  of  airfoil  shape  (or  chordwise  thickness  distribution)  on 
vortex  noise  follows  in  Section  V.4.  Although  this  study  showed  only  small  improve¬ 
ments  due  to  airfoil  shape  the  possibility  of  noticeable  improvement  was  considered 
sufficient  to  incorporate  NACA  series  66A  section  in  the  blades  of  a  new  low-noise 
propeller  designed,  fabricated  and  te.  ed  in  this  contractual  program. 

2.  PREDICTION  METHODS  IN  THE  LITERATURE 

From  r,  dimensional  analysis  of  a  cylinder  in  a  stream,  Yudin^)  showed  that  the 
vortex  sound  power  is  proportional  to  pV® DBSt^/a3  where  D  is  the  diameter  and  8  the 
length  of  the  cylinder,  and  the  Strouhal  number  St  is  about  0.2.  The  frequency  of  the 
sound  is  StV/D,  Unfortunately  this  theory  cannot  predict  the  absolute  level  of  the 
vortex  noise  because  the  proportionality  factor  is  not  known  theoretically. 


Sc vc r;tl  investigators  have  developed  equations  for  sound  pressure  levels  of 
propellers  or  rotors  based  on  Yudin's  formulation.  Usually  the  product  D  fi  is  replaced 
h>  an  area  Stl  and  suitable  reference  values  for  Sj,  p  and  a  ate  introduced.  As  a  re¬ 
sult.  the  overall  sound  pressure  level  becomes  proportional  to  10  log  (S^vVcl4).  A 
directivity  pattern  of  a  force  dipole  aliened  with  the  axis  is  often  assumed.  Iherofore 
lo  Ion  (cos  ^  )  should  be  added  to  the  SPL  and  the  vortex  noise  is  a  maximum  on  the 
propeller  axis  and  zero  in  the  propeller  plane.  Some  investigators  have  included  a 
frequency  spectrum  with  a  sound  level  relative  to  the  overall  SPL  and  the  frequency 
referenced  to  a  peak  frequency  (e.g.  ,  see  Figure  7). 

Experimental  data  of  Stowell  and  Deming  and  others  led  to  Hubbard's^)  expres¬ 
sion  for  the  sound  pressure  ievel  of  propellers  at  a  distance  of  300  feet: 

3.8  Sh  V  76 

SPL  10  lop;  - -  dB  (10) 

10  1 

The  formulation  is  inadequate  for  detectability  studies,  however,  because  no  directivity 
effect  or  frequency  information  is  provided. 

Davidson  and  Hargest^)  fitted  experimental  helicopter  noise  data  at  500  feet 
distance  by  an  equation  of  the  form: 

SPL  =  1  0  Log  (Vt6  CL2  Sb)  +  10  log  (cos  )  ••  84  dB  (11) 

Kq.  ( ill  differs  froin(10)by  the  inclusion  of  a  Cl  term  and  by  introducing  an  extreme 
directivity  correction  (no  vortex  noise  in  rotor  plane).  However,  no  data  on  frequency 
distribution  is  presented. 

Schlcgol,  King  and  Mull^9)  present  an  equation  of  the  following  form  for  sea  level 

7 u° F  conditions: 


SPL  10  log  (V  72  T2/Sbd2)  +  13.8  dB  (12) 

The  vortex  noise  in  any  octave  band  Is  computed  by  using  a  soectrum  shape  presented 
graphically  and  a  peak  frequency  determined  by  the  equation: 

0.28  V  7 

f  . - - - : -  Hz  (13) 

h  -  cos  a  +  b  sin  a 

•  i  .  i 

This  correlation  of  rotor  vortex  noise  includes  a  frequency  spectrum  but  is  limited  to 
a  direction  of  17°  behind  the  rotor.  No  directivity  effect  is  presented. 
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Figure  7.  Broad-Band  Noise  Spectra 
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Stuckey  and  Goddard'"  ;  obtained  the  following  formula  from  tests  of  a  particular 
rotor: 

SPL  10  log  (Vt2,68T1,66/d2W  20  log  (cos«j»)  +  2.8  dB  (14) 

and  introduce  another  frequency  spectrum. 

Oiler  he  ad  and  Lowson<21)  discuss  previous  work  on  vortex  noise  and  state  that 
what  has  been  considered  to  be  a  broad-band  vortex  noise  may  really  be  high-order 
harmonics  of  rotational  noise  which  usual  data-reduction  procedures  do  not  show  as 
occurring  at  discrete  frequencies.  With  very-narrow-band  filters  some  data  presented 
do  show  the  presence  of  what  appears  to  be  high-order  harmonic  rotational  noise.  An 
equation  for  directivity  is  suggested  which,  unlike  other  equations,  has  a  total  varia¬ 
tion  of  only  10.  5  dB  in  overall  noise  from  on  the  axis  of  rotation  to  in  the  plane  of  the 
rotor.  Tins  equation  is 


A  SPL  -  1 


Widnall^"'^  correlates  measured  rotor  vortex  noise  data  in  the  form 


„  ,  /  cos  ^  +  0.  1  \ 

0  log  — - - J 

y  cos2  700  +  0. 1  / 


dB 


(15) 


SPL  -  10  log  (V^Sj/d2)  +  f  (T/S^2)  dB  (16) 

where  the  function  f  is  plotted  as  a  band  encompassing  plotted  data.  For  low  values  of 
the  parameter  (T/S^  Vt2>,  which  are  typical  of  a  quiet  propeller,  the  function  f  is  con¬ 
stant.  This  correlation  is  based  on  a  quasi-two-dimensional  model  of  vortex  noise 
derived  from  that  Yudin(13).  However,  frequency  and  directionality  data  are  not 
presented. 

Sharland^28^  investigated  possible  mechanisms  of  broad-band  noise  generation  in 
axial  flow  fans.  One  mechanism  is  alternating  "vortex  shedding"  at  the  trailing  edge 
of  the  blade  which  produces  lift  fluctuations.  By  making  some  estimates  of  the  fre¬ 
quency  and  a  correlation  area  he  obtained  the  following  formula  for  sound  power: 

P  r  6  -.4 

W  -  - -  /  bV  R  dr  (17) 
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If,  further,  an  ideal  dipole  directivity  distribution  is  assumed,  the  maximum  rms 
acoustic  pressure  is: 
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For  a  direction  which  is  not  normal  to  the  airfoil  the  rms  pressure  should  be  multiplied 
by  the  cosine  of  the  angle  to  the  normal.  Another  mechanism  investigated  by 
Shari  and (2#)  is  the  turbulent  boundary  layer  pressure  fluctuations  on  the  surface. 

Using  a  value  of  the  rms  surface  pressure  fluctuation  of  0.012  fi  V2,  which  experi¬ 
mental  data  supports,  Sharland  derives  an  equation  for  the  sound  power 

W  =  f  bv6dr  ,19) 

Again  assuming  a  dipole  directivity  distribution,  the  maximum  rms  acoustic  pressure 
is: 


PV  iSr  7* .  ,2° 

For  a  Reynolds  number  of  one  million  the  ratio  of  the  sound  pressure  level  due  to 
vortex  shedding  (Eq.  (18))  to  die  sound  pressure  level  due  to  turbulent  boundary  layer 
fluctuations  (Eq.  (20))  is  20  dB.  Therefore,  noise  due  to  turbulent  boundary  layer 
fluctuations  is  not  significant  relative  to  noise  due  to  vortex  shedding.  A  third  mech¬ 
anism  considered  by  Sharland  is  turbulence  in  the  airflow  inducing  fluctuations  in  lift. 
His  equation  for  the  sound  power  due  to  this  mechanism  is: 


P  r  2  4  2 

W  = - r  f  bV  <wf  dr  (21) 

48  ff  a3  J 

where  <p  is  the  average  lift  curve  slope  and  (w)3  is  the  mean  turbulent  velocity  fluctua¬ 
tion.  Sharland  concludes  that  ,rbroad-band  noise  in  fans  arises  from  vortex  shedding 
at  the  blade  trailing  edges  under  normal  conditions,  but  that  any  large  scale  turbulence 
can  increase  the  noise  significantly". 


Hamilton  Standard  developed  two  complete  empirical  vortex  noise  procedures  in 
1969.  The  first  used  Schlegel,  King  and  Mull’s^13'  formula  for  noise  level  and  peak 
frequency  and  the  directivity  formula  of  Ollerhead  and  Lowson^21).  The  formulae 
used  are: 


SPL  =  10  log 


'vt2CL2Sb  (cos2*  +  0.1)  .217 


-  44.645  dB 


(22) 


peak  frequency 


0.28  V  7 

h  ^  cos  a  +  b  7  j  sin  a  | 


Hz 


The  frequency  spectrum  is  labelled  "HS  Correlation  of  3/69"  in  Figure  7. 


(23) 
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Thi'  second  empirical  procedure  uses  the  formulation  of  Widnnll^2^  and  is  based 
on  static  noise  data  obtained  by  Hamilton  Standard  from  a  4-bladed  propeller  designed 
for  a  quiet  STOL  aircraft.  This  propeller  blade  is  similar  to  blade  design  47X-394 
tested  in  the  first  test  period  of  the  present  program. 

SPL  =  -71.02  t  5700o/— +  10  log  ^  -3.3  sin2  (*+ l0°)dB  (24) 

\SbV,2/  V  d2  ! 

0.06  V  7 

peak  frequency  =  h  y  (1.;y6ifXstal]) (25) 

xstall  is  radius  ratio  where  the  section  angle  of  attack  is  11°.  The  frequency 
spectrum  is  labelled  "HS  Correlation  of  7/69"  in  Figure  7.  These  two  procedures  are 
included  as  options  2  and  3  in  the  propeller  noise  detectability  computer  program  be¬ 
cause  they  are  complete,  unlike  most  other  prediction  methods  described  in  this 
section,  and  because  they  are  well  understood. 

Tic  correlations  of  broad-band  noise  described  above  were  derived  for  propellers 
and  helicopter  rotors.  Another  source  of  broad-band  noise  is  a  gliding  aircraft.  Two 
published  reports,  which  present  and  correlate  broad-band  data  obtained  with  several 
aircraft,  are  discussed  in  this  paragraph.  Smith  et  al(29)  correlates  overall  noise 
level  from  three  sailplanes  by  the  formula 

SPL  -  10  log  (V6Sb/d2)  -  42.7  dB  (26) 

where  Sj,  is  the  wing  area  with  turbulent  flow.  Inspection  of  the  data  indicated  a  better 
fit  would  be  obtained  by  the  formula 

SPL  =  10  log  (V3,1Sb/d2)  +  19.1  dB  (27) 

which  shows  a  smaller  variation  with  velocity.  Lockheed^9)  measured  data  from  5 
gliding  aircraft  with  engines  off  and  propellers  feathered  and  correlated  the  data  by  a 
formula  which  may  be  converted  to  the  form 

/  V®Sb  chord  \ 

SPL  =  10  log  (  -  — -15.2  dB  (28) 

\  dz  span  J 

A  1 /3-octave  band  spectrum  is  presented  with  the  peak  frequency  defined  by  the 
relationship 

f  =  1,1  V/h  Hz  (29) 

This  spectrum  is  labelled  as  "propeller  noise  detectability  program"  in  Figure  7. 
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To  summarize,  it  can  be  seen  that  most  of  these  vortex  noise  prediction  methods 
show  that  the  SPL  varies  as  10  log  (V^S^/d2).  This  selection  of  variables  is  probably 
influenced  by  Yudin ’s<13)  analysis  However,  a  smaller  variation  with  velocity  is 
suggested  by  Smith's  sailplane  data  (Eq.  (27))  and  by  Sharland's  analysis  of  "vortex 
shedding”  noise  (Eq.  (17)). 

3.  NEW  HAMILTON  STANDARD  VORTEX  NOISE  THEORY 

A  major  task  of  this  study  program  was  the  development  of  an  integration  technique 
to  predict  propeller  broad-band  noise  and  to  incorporate  this  technique  into  the  propel¬ 
ler  noise  detectability  computer  program.  The  source  of  the  broad-band  noise  is  as¬ 
sumed  to  Ixi  an  oscillating  force  normal  to  the  blade  chord.  The  amplitude  and  frequen¬ 
cy  of  this  force  are  related  to  the  flow  conditions  and  blade  geometry  in  a  way  which 
would  correspond  to  Yudin's  <13)  theory.  Therefore,  the  predicted  broad-band  noise 
might  be  called  vortex  noise.  However,  unlike  the  various  correlations  of  propeller 
and  rotor  broad-band  noise  previously  discussed  which  involve  overall  parameters  such 
ns  tip  speed,  total  thrust  and  blade  area,  the  theory  developed  during  this  contract  in¬ 
cludes  the  radial  distribution  of  blade  geometry  and  flow  conditions  as  parameters. 

The  broad-band  noise  at  the  observer  is  obtained  by  numerical  integration  in  the  cir¬ 
cumferential  and  radial  coordinates. 

The  theory  does  not  determine  the  magnitude  of  the  oscillating  force  or  its  fre¬ 
quency.  However,  these  parameters  are  proportional  to  a  force  factor  Cp  and  a 
frequency  factor  Cf  respectively.  Values  of  these  two  factors  were  determined  by 
correlating  predicted  1 /3-octave  band  noise  levels  with  measured  data  obtained  during 
the  experimental  program  discussed  in  Section  V!  of  this  report. 

The  theory  is  based  on  Lowson's  theory  for  the  sound  field  of  a  moving  force^31\ 
Cartesian  coordinates,  with  subscripts  1,  2  and  3,  are  used  and  the  origin  of  these 
coordinates  is  the  propeller  center.  The  "1"  axis  is  the  propeller  axis  with  a  positive 
ordinate  forward  of  the  propeller.  The  field  point  lies  in  the  "1"  -  "2"  plane.  The 
point  force  is  translating  along  the  positive  "1"  axis  at  a  Mach  number  of  M  and  ro¬ 
tating  about  the  "1"  axis  at  a  radius  of  r  and  a  speed  of  ft  rad/sec.  The  force  is 
oscillating  at  a  circular  frequency  cj  and  is  normal  to  the  blade  chord.  It  is  resolved 
into  three  components  Fj ,  F2  and  F3. 

The  basic  result  of  Lowson's  paper  is  the  following  equation  for  the  far-field 
sound  pressure  radiation  from  a  point  force  in  arbitrary  motion 


xi  -  >■)  1 

3Fj  Fj  3Mr 

1 

4  rr  (1-Mr)2  ad2 

3 1  +  1-M  3t 

r 

J 

(30) 


where  xj  and  yj  are  the  coordinates  of  the  observer  and  source,  respectively,  and  M. 
is  the  component  of  the  convection  Mach  number  in  the  direction  of  the  observer. 
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llio  axial  component  of  the  force  is  proportional  to  the  magnitude  of  the 
force  K  and  the  cosine  of  the  blade  angle  0 ,  therefore 

-icjt 

Fj  F  cos  d  e 

The  other  two  components  vary  with  circumferential  angle  0  : 

-icot 


F2  r  F  sin  6  sin  0  e 


-icjt 


F3  -  -F  sin  Q  cos  0  e 
The  three  components  of  the  convection  Mach  number  are: 
=  M 

rSl 


Mo  =  - 


sin  0 


(31) 

(32) 

(33) 

(34) 

(35) 


r  n 

M  i  = - cos  0 


(36) 


Tlie  coordinates  of  the  observer  are: 

X1  bXp 
x2  -  Y 


X3  '  °' 


and  of  the  point  force  are: 


>1  '  0. 


y.,  r  cos  0 


y.j  -r  sin0 


Therefore 


•>  2  2  2,2 

d  +  (Y  -  r  cos  0)  +  r  sin  0 


(37) 


(38) 


(39) 
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The  component  of  the  convection  Mach  number  in  the  direction  of  the  observer  is: 


Mr  = 


(x,  -  yd  Mi 


which  becomes,  upon  substituting  Eqs.  (33)  to  (39), 
MXD  or 

Mr  =  — h - T  sin  0  (Y-2r  cos0 ) 


Upon  substituting  into  Eq.  (30),  the  equations  for  the  pressure  field  due  to  the 
three  components  of  the  force  become: 

iXp  uF  cos  6  -icut 

Pi  - - - - n - 9-  e 

4ir  a(l-Mrz)  d2 


(Y-r  cos*)  F  si!  4  f  .  .  ^  _  .1  -iwt  ... 

P„  =  - — 5 — -  -i«sin0+ftcos0  le  (42 

2  4  jr  a  (1  ~Mr2)  L  J 

rFsinflsin0  f\  _  ^  .  .1  -iwt 

po  =  - r — -  i cocos  0  +  fl  sin  0  e 

3  4  ir  a  (l-Mj.2)  d2  l  J 

These  three  terms  are  summed  to  derive  the  desired  equation  for  the  sound  pressure: 

p  =  - - — = — r-  f  -i  w  I  X_  cos  9  +  (Y-2r  cos  0 )  sin  6  sin  0  >  + 

4 it  a  (l-M-2)  d2  I  j  V  \ 

L  (43 

n  sin  0  |  r  sin20  +  (Y-r  cos0)  cos  0  j  J  e  iwt 

Integration  over  the  angle  0  and  radius  r  determines  the  total  noise  at  the  field 
point. 


The  expressions  for  the  magnitude  and  frequency  of  the  oscillating  force  were 
derived  from  the  form  of  the  expressions  for  broad-band  noise  presented  in  the 
preceding  section.  The  form  of  these  expressions  for  overall  noise  is  SPL  =*  10  log 
(V6S|3)  and  for  peak  frequency  is  f  =  StV/h  Hz.  Therefore,  the  frequency  is  evaluated 
from  the  equation 

f  *  co/2»r  =  Cf  V/h  Hz  (44) 
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where  Cf  is  an  empirical  frequency  coefficient  and  V  is  the  sectional  velocity  deter¬ 
mined  by  the  propeller  performance  program.  Experimental  data(32)  on  vortex 
shedding  frequency  from  an  NACA0006  airfoil  show  that  Cf  is  about  0.042.  The 
equation  for  the  force  level  finally  selected  is: 


F  -  CFP  h  v/b  Ar 


(45) 


The  force  coefficient  Cp,  like  the  frequency  coefficient  Cf,  is  an  empirical  factor  to 
be  derived  from  test  data.  The  Reynolds  number  factor  was  introduced  to  obtain  a 
better  fit  of  the  trend  of  broad-band  noise  level  with  rpm  to  experimental  data  from 
this  program  which  show  a  variation  like  10  log  V*  rather  than  10  log  V6.  Some 
correlations  of  vortex  noise  include  a  thrust  term,  suggesting  that  angle  of  attack  or 
lift  coefficients  should  be  introduced  into  Eq.  (45).  Some  unpublished  data  available 
to  Hamilton  Standard  shows  that  angle  of  attack  changes  do  alter  the  noise  from  an 
airfoil  in  a  jet.  However,  since  there  is  insufficient  data  to  establish  a  trend  at  this 
time,  this  factor  is  not  included.  It  is  believed  to  be  small  for  the  small  range  of  lift 
coefficients  associated  with  a  quiet  propeller. 


Because  of  the  expected  random  phase  of  the  force  from  one  blade  to  another, 
the  sound  power  of  one  blade  is  multiplied  by  the  number  of  blades.  Therefore, 
doubling  the  number  of  blades  increases  the  broad-band  SPL  by  3  dB. 


The  phase  of  the  oscillating  force  is  expected  to  be  correlated  only  over  a  small 
radial  distance  called  the  "correlation  distance".  For  a  two-dimensional  airfoil  in  a 
uniform  stream  it  is  well  known  that  theory  predicts  that  a  reduction  of  the  correlation 
length  from  a  value  equal  to  the  span  reduces  the  radiated  sound  power.  At  the 
beginning  of  this  contract  it  was  planned  to  introduce  a  correlation  length  explicitly 
into  the  broad-band  calculation  program.  However,  this  plan  was  changed  for  several 
reasons.  First,  no  data  were  available  in  time  to  provide  a  good  value  for  the  cor¬ 
relation  length  of  a  non-rotating  airfoil.  Second,  with  the  assumption  that  the  corre¬ 
lation  length  equals  the  chord  (corresponding  to  the  diameter  of  a  rod,  a  representative 
value),  only  about  5  correlated  areas  were  required  for  the  moderate  chords  of  the 
first  blades  tested.  With  the  wider  blades  tested  at  the  end  of  the  program  even  fewer 
correlated  areas  would  be  used.  It  is  believed  that  more  than  5  areas  are  required  to 
provide  a  valid  calculation  of  vortex  noise.  Third,  the  combination  of  radial  changes 
in  airfoil  thickness  and  sectional  velocity  result  in  changes  in  frequency  computed 
from  Eq.  (44)  of  over  2  orders  of  magnitude.  This  large  radial  gradient  in  frequency 
should  reduce  the  correlation  length  significantly.  No  data  on  correlation  lengths  for 
rotating  blades  was  available  for  use  in  this  program.  Lastly,  programming  is 
simplified  if  the  ten  radial  stations  used  by  the  Hamilton  Standard  propeller  perfor¬ 
mance  program  are  used,  thereby  avoiding  interpolation.  Therefore,  it  was  decided 
to  sum  the  squares  of  the  sound  pressures  calculated  for  each  of  the  ten  radial  stations 
provided  bv  the  propeller  performance  program.  These  same  radial  stations  are 
used  to  compute  harmonic  rotational  noise. 


* 
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Theory^33,  34)  shows  that  a  harmonically-oscillating  force  moving  in  a  circular 
path  produces  a  series  of  tones  centered  about  the  force  frequency.  The  theory^33) 
also  shows  that  a  source  of  white  noise  moving  in  a  circular  path  produces  a  white 
noise  at  the  observer.  However,  it  is  known  from  flight  data^29»  3°)  and  from  tests 
of  airfoils  in  jets  that  the  noise  frequency  spectrum  is  neither  a  discrete  tone  nor  a 
white  noise  but  a  peaked  broad-band  spectrum  like  those  shown  in  Figure  7.  The 
theory  for  this  type  of  noise  spectrum  has  not  been  developed  and  at  the  time  this 
program  was  started  the  development  of  the  theory  was  believed  to  be  beyond  the 
scope  of  the  program.  An  extension  of  the  theory  by  Tanna  and  Morfey(34)  was  not 
available  when  the  new  vortex  noise  theory  was  developed.  The  possibility  of  further 
refinement  of  the  theory  using  their  approach  w'arrants  further  study.  For  this 
reason,  and  because  of  the  other  approximations  discussed  above  which  are  used,  it 
was  decided  to  use  the  following  procedure  to  integrate  Eq.  (43): 

a.  Integrate  radially  the  squares  of  the  sound  pressures  in  each  1 /3-octave 
band  using  the  10  radial  stations  of  the  propeller  performance  program. 

b.  For  each  radius,  sum  the  squares  of  the  sound  pressures  calculated  for 
36  values  of  circumferential  angle  <p  at  10°  increments. 

c.  For  each  radius  r  and  angle  <p ,  compute  the  pressure  amplitude  and  fre¬ 
quency  (with  a  Doppler  correction)  from  Eqs.  (39),  (41),  (43),  (44)  and 
(45). 

d.  For  each  radius  and  angle  this  pressure  amplitude  is  converted  to  an  over¬ 
all  vortex  noise  SPL  and  the  noise  frequency  is  considered  to  be  a  peak 
frequency.  The  noise  SPL  in  each  1  /3-octave  band  is  computed  from  the 
overall  vortex  noise  SPL  and  peak  frequency  using  the  broad-band  noise 
spectra  in  Figure  7. 

A  numerical  procedure  based  on  the  theory  described  in  this  section  is  coded  in 
the  propeller  noise  detectability  program  as  vortex  noise  option  1. 

4.  EFFECT  OF  AIK  FOIL  SHAPE  ON  VORTEX  NOISE 

The  design  of  low-noise  propellers  involves  a  compromise  between  rotational 
noise  and  broad-band  vortex  noise.  It  would  be  useful  to  find  geometric  parameters 
that  have  little  or  no  effect  on  rotational  noise  but  which  could  be  adjusted  to  reduce 
the  vortex  noise.  One  such  parameter  is  the  blade  airfoil  shape,  or  thickness  dis¬ 
tribution.  A  presently -accepted  theory  for  propeller  vortex  noisei23)  contains  no 
direct  effect  of  airfoil  shape  on  vortex  noise.  However,  the  mechanism  by  which 
vortex  noise  is  generated  depends  strongly  on  the  airfoil  boundary  layer.  This,  in 
turn,  can  be  strongly  influenced  by  changes  of  airfoil  shape.  For  moderate  subsonic 
flight  speeds,  the  choice  of  propeller  airfoil  shape  traditionally  had  been  determined 
by  a  need  for  large  values  oi  drag -divergence  Mach  number.  It  seemed  possible  that 
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seme  other  airfoil  sec  lions  might  provide  reductions  in  vortex  noise  at  the  lower 
Mach  numbers  encountered  with  advanced  low-noise  propellers.  Therefore,  a  study 
of  the  effect  of  airfoil  shape  on  vortex  noise  was  conducted. 

To  establish  analytically  the  effect  oi  airfoil  shape  on  broad-band  vortex  noise, 
one  must  start  with  a  clear  definition  of  the  mechanism  by  which  such  noise  is  gen¬ 
erated.  Simplified  analyses  have  tried  to  relate  the  broad-band  noise  of  a  slender 
streamlined  airfoil  to  that  of  a  bluff  body  having  the  same  maximum  thickness.  The 
bluff  body  sheds  an  unsteady  wake  and  a  vortex  street;  fluctuations  of  wake  flow 
direction  are  accompanied  by  fluctuations  of  normal  force  on  the  body.  Thus,  the 
separated  flow  downstream  of  the  body  generates  an  acoustic  dipole  oriented  normal 
to  the  airflow.  A  large  fluctuating  wake  does  not  occur  downstream  of  conventional 
airfoils,  so  the  direct  analogy  between  airfoil  and  bluff-body  flows  is  not  correct.  In 
Hof.  28  a  different  approach  was  used.  The  attached  turbulent  boundary  layer  was 
assumed  to  fluctuate  about  its  root-mean-square  position.  This  fluctuation  was  as¬ 
sumed  to  cause  a  fluctuation  of  instantaneous  angle  of  attack,  whose  magnitude  in 
radians  was  given  by  the  ratio  of  trailing-edge  boundary  layer  thickness  to  airfoil 
chord.  The  instantaneous  normal  force  was  assumed  equal  to  the  product  of  the  nor¬ 
mal  force  coefficient  slope  and  the  fluctuation  of  angle  of  attack.  Thus,  the  acoustic 
dipole  would  be  caused  by  shedding  of  vortices  caused  by  fluctuations  in  bound  vorticity 
as  the  outer  potential  flow  adjustments  to  the  unsteady  viscous  inner  flow. 

This  description  would  be  reasonable  if  boundary  layers  on  airfoils  grew  linearly 
with  chordwise  distance.  However,  different  airfoil  shapes  with  different  chordwise 
pressure  distributions  could  have  vastly  different  variations  of  boundary  layer  growth 
along  their  chords  but  the  same  boundary  layer  thickness  at  the  trailing  edge.  For  the 
study  described  in  this  section,  it  was  assumed  that  turbulent  fluctuations  in  the 
boundary  layer  displacement  thickness  along  the  airfoil  upper  and  lower  surfaces  were 
not  correlated.  The  chordwise  distribution  of  the  difference  between  these  two  dis¬ 
placement  thicknesses  could  then  be  regarded  as  an  instantaneous  camber  line  whose 
shape  and  incidence  undergoes  fluctuation.  The  normal  force  coefficient  at  any  instant 
of  time  was  assumed  proportional  to  that  which  would  be  computed  from  steady-state 
theory'**'’)  for  a  thin  airfoil  with  that  combination  of  camber  and  incidence.  (Within 
that  theory,  the  effects  of  geometric  camber,  viscous-induced  camber  caused  by  the 
time-average  difference  between  the  upper-surface  and  lower-surface  displacement 
thickness,  and  fluctuations  in  that  viscous-induced  camber  can  be  linearly  added. ) 

The  fluctuating  normal  force  coefficient  then  becomes  a  sum  of  three  contributions. 

One  comes  from  a  fluctuation  of  mean-line  angle  of  attack  as  in  Ref.  28.  The  other 
two  are  the  design  lift  coefficient  of  the  instantaneous  camber  line  and  the  fluctuating 
difference  between  the  instantaneous  angle  of  attack  and  the  camber-line  ideal  angle 
of  attack.  That  is,  one  must  consider  both  the  incidence  of  a  hypothetical  straight 
lino  joining  the  effective  leading  and  trailing  edge  points  and  the  combined  camber  and 
incidence  of  the  mean  camber  line  between  those  points. 


To  use  this  approach,  a  camber  line  must  be  defined  from  the  calculated  chord- 
wise  variation  of  displacement  thickness.  At  first  glance,  ordinates  of  this  line  might 
be  assumed  proportional  to  the  local  displacement  thickness  on  one  surface.  That 
assumption  would  not  be  correct  because  it  would  fail  to  reproduce  the  relatively  large 
effects  expected  in  a  region  where  a  strong  local  adverse  pressure  gradient  occurs, 
but  the  boundary  layer  is  relatively  thin.  Instead,  the  camber  line  was  calculated  as 
the  difference  between  upper-surface  and  lower-surface  displacement  thicknesses, 
calculated  for  an  uncambered  airfoil  at  zero  incidence,  but  with  a  different  turbulence 
level  at  each  surface.  The  assumed  turbulence  levels,  0. 1  and  1 . 0  percent,  were  not 
large  enough  to  cause  significant  chordwise  movement  of  the  transition  region.  Their 
primary  effect  was  on  the  displacement-thickness  growth  rate  in  the  transition  region 
and  in  regions  of  adverse  pressure  gradient. 

Boundary  layer  growth  was  calculated  with  a  computer  program  originally 
developed  for  prediction  of  heat  transfer  to  turbine  blades  and  vanes.  Airfoil  pres¬ 
sure  and  temperature  distributions,  free-stream  flow  properties,  surface  roughness, 
and  turbulence  level  were  supplied  as  input.  The  computer  program  then  determined 
the  growth  of  the  laminar  boundary  layer,  transition  region,  and  turbulent  boundary 
layer.  All  airfoils  were  assumed  to  have  10-inch  chord,  100-microinch  surface 
roughness,  and  adiabatic  wall  temperature.  Free-stream  static  conditions  were 
standard  sea  level  atmospheric,  and  the  velocities  were  chosen  to  provide  Reynolds 
numbers  of  2  x  106  and  3  x  10®  based  on  airfoil  chord.  The  calculated  differences  in 
displacement  thickness  v/ere  smoothed  and  used  as  input  to  an  existing  digital  com¬ 
puter  program  that  calculates  the  camber-induced  loading  distribution  and  lift  coef¬ 
ficient,  and  the  angle  of  attack  at  which  that  loading  would  occur. 

'Ihe  airfoil  sections  were  taken  as  uncambered,  9%-thickness-ratio  NACA  airfoils. 
Use  of  the  NACA  0009,  65-009,  66-009,  and  67-009  airfoils  provided  minimum- 
pressure  locations  of  approximately  10,  50,  60,  and  70%  chord.  Further  comparison 
with  the  NACA  16-009  airfoil,  which  has  its  minimum  pressure  near  65%  chord,  added 
a  brief  look  at  the  effect  of  the  variation  of  adverse  pressure  gradient  with  chordwise 
distance.  Thickness  distributions  and  incompressible-flow  pressure  distributions  for 
the  NACA  0009,  66A009,  and  16-009  airfoils  are  shown  in  Figure  8.  The  66A009  air¬ 
foil  section,  which  has  a  practical  trailing-edge  shape,  is  shown  in  preference  to  the 
66-009  which  has  a  cusped  trailing  edge. 

At  these  conditions,  the  transition  Reynolds  numbers  as  determined  by  the  com¬ 
puter  program  were  in  the  range  of  0.4  to  0.  5  x  10®  for  the  lower  nominal  turbulence 
level.  Thus,  the  boundary  layer  always  was  turbulent  upstream  of  the  minimum - 
pressure  location  for  all  but  the  NACA  4-digit  series  airfoil.  Increasing  the  nominal 
turbulence  level  moved  the  transition  location  forward,  reducing  the  transition 
Reynolds  number  to  about  0.25  x  10®.  Thus,  the  slope  of  the  boundary  layer  displace¬ 
ment  thickness  was  increased  over  a  forward  portion  of  the  airfoil,  giving  a  change  in 
camber  similar  to  that  for  deflection  of  n  leading-edge  flap.  This  change  was  larger 
for  the  4 -digit  airfoil,  for  which  it  occurred  in  a  region  of  adverse  pressure  gradient, 
than  for  the  other  airfoils.  Downstream  of  this  transitional  region,  the  boundary 
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PRESSURE  COEFFICIENT  FOR  LOCAL  THICKNESS.  CHORD 

INCOMPRESSIBLE  FLOW 
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Figure  8.  Typical  Airfoil  Thickness  and  Pressure  Distributions 
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..t\t  t  ti.ii  ht'm  t  in.  i  t-  ?•  ,»i>d  w  more  responsive  to  turbulence  level  in  an 

.uHi'rsr  pressure  gradient  than  in  a  mild  favorable  pressure  gradient.  Thus,  the 
NAT  A  J -digit  airfoil  had  a  rapid  growth  of  effective  camber-line  ordinate  on  the 
forward  portion,  moderate  growth  along  much  of  the  chord,  and  more  rapid  growth 
near  the  trailing  edge.  As  the  airfoil  section  was  changed  to  move  the  minimum- 
pressure  location  aft  the  ch.migc  ic  ordinate  was  decreased  on  the  forward  portion, 
reduced  to  essentially  zero  along  the  mid-chord  region,  and  increased  near  the 
tr;  iling  edge.  Thus,  the  airfoil  with  a  forward  location  of  minimum  pressure  had 
an  effective  camber  line  that  qualitatively  resembled  a  large  leading-edge  flap  de¬ 
flected  downward  and  a  large  leading-edge  flap  deflected  upward  through  a  small 
angle.  Aft  movement  of  the  minimum -pressure  location  reduced  both  the  elective 
size  and  effective  deflection  angle  of  the  leading-edge  flap  and  reduced  the  extent  but 
increased  the  angle  of  the  trailing-edge  flap.  Details  of  the  calculated  solutions  on 
(he  aft  part  of  the  airfoil  were  sensitive  to  the  velocity  distribution  assumed  very  near 
the  trailing  edge.  In  all  cases  the  tabulated  velocity  gradient  between  90  and  95^ 
chord  was  arbitrarily  continued  to  the  trailing  edge  in  place  of  the  tabulated  trailing- 
edge  stagnation  point  or  eusp  flow. 

Resulting  calculated  fluctuating  lift  coefficients  are  listed  in  Table  IV.  The 
absolute  numerical  values  are  unimportant  because  they  are  based  on  a  3teadv-state 
lift-curve  slope  and  a  poriectly  correlated  flow,  'these  effects  cause  the  numerical 
values  to  be  roughly  f.o  times  the  corresponding  estimates  from  Ref.  28.  Two  sets 
of  numbers  are  given  for  each  case.  The  upper  set  are  for  an  angle  of  attack  (in 
radians)  equal  *o  the  change  in  trailing-edge  displacement  thickness  divided  by  the 
airfoil  chord.  The  lower  numbers  are  the  combined  effects  of  camber  and  incidence, 
were  small  at  a  Reynolds  number  of  3  x  IQ**  but  were  l/4  to  1/2  as  large  as  those  due 
to  incidence  at  a  Reynolds  number  of  2  x  106.  That  lower  Reynolds  number  is  repre¬ 
sentative  of  the  tip  region  of  practical  quieted  propellers.  At  that  condition,  aft 
movement  of  the  minimum -pressure  location  had  small  beneficial  effects  until,  for 
the  67  scries  airfoil,  the  boundary  layer  was  dominated  by  the  strong  adverse  pres¬ 
sure  gradient  on  the  aft  region.  The  NACA  66  series,  which  has  nearly  the  same 
minimum- pressure  location  as  the  NACA  16  series,  has  a  relatively  constant  adverse 
pressure  gradient.  In  contrast,  the  adverse  pressure  gradient  for  the  16  series 
becomes  stronger  as  the  trailing  edge  is  approached.  It  was  expected  that  a  constant 
gradient,  or  even  one  that  is  initially  large  and  becomes  weaker  with  increasing 
distance,  would  cause  less  overall  disturbance  than  an  increasing  gradient. 

For  a  Reynolds  number  of  2  x  1 0(\  moving  the  minimum  pressure  point  down¬ 
stream  (that  is,  changing  from  the  four-digit  airfoil  to  the  65  series  and  then  the  66 
series)  caused  a  small  increase  and  then  decrease  of  calculated  lift  fluctuation  caused 
wy  combined  -  .u  her  incidence.  The  magnitude  of  this  decrease  corresponds  to 
loss  than  a  1 .  •*  >.u,  induction  of  sound  pressure  level.  The  16  t»eri  :»;,Ton,  vviui  its 
increasing  adverse  pressure  gradient  on  the  aft  portion,  would  be  about  0.8  dB  louder 
than  the  66-series  airfoil.  Both  of  these  airfoil  series  have  about  the  same  location 
of  minimum  pressure  and  their  shapes  are  nearly  identical  over  the  forward  half  of 
the  chord.  'The  66-series  airfoil  is  slimmer  than  the  familiar  16-series  propeller 
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FLUCTUATING  LIFT  COEFFICIENTS  INDUCED  BY  BOUNDARY  LAYER  DISPLACEMENT 
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n:  ■•.or  U»-  <t«  :  if  ;  ;!*•  <  Figuri  "i  A  further  aft  movement  of  the  mini 

nmm  orcssur*  U*  atton,  <  blamed  by  use  of  the  67 -series  airfoil,  caused  very  large 
ihu-kcning  of  tiu  !  undarv  layer  on  the  aft  quarter  of  the  chord.  This  airfoil,  which 
would  also  he  expected  to  have  poor  aerodynamic  performance,  is  predicted  to  be 
4.6  dll  noisier  than  the  66-series  airfoil. 

Although  calculations  were  not  made  for  the  66- series  airfoil  at  a  Reynolds 
number  of  5  x  1<»6>  it  ,s  expected  that  this  airfoil  would  also  be  best  at  that  condition. 
The  calculated  effects  of  viscous- induced  camber  were  much  smaller  at  this  Reynolds 
number  than  at  the  lower  Reynolds  number.  Apparently  this  difference  was  caused 
by  the  smaller  ehordwise  extent  of  laminar  flow,  which  reduced  the  amount  of  forward 
effective  camber.  The  indicated  reduction  of  lift  fluctuation  with  an  increase  of 
Reynolds  number,  at  constant  airfoil  shape,  is  much  larger  than  would  be  predicted 
from  Ref.  2«.  Apparently  this  large  numerical  effect  was  caused  by  use  of  the 
same  nondimens ional  turbulence  perturbation  at  both  Reynolds  numbers.  It  is  not 
obvious  how  this  quantity  should  have  been  scaled  or  the  extent  to  wh'ch  this  apparent 
trend  should  U>  believed 

In  conclusion,  the  calculated  effect  of  airfoil  shape  on  broad-band  vortex  noise  at 
a  Reynolds  number  of  2  \  l  or>  is  relatively  small  when  attention  is  confined  to  airfoils 
known  to  have  good  aerodynamic  performance.  The  calculated  noise  was  increased 
by  use  of  an  airfoil  with  poor  aerodynamic  perform,-  *ce.  The  NACA  66A-series  of 
airfoils  is  recommended  as  it  is  about  one  decibel  quieter  than  the  more  conventional 
airfoil  shapes.  Since  the  66A  sections  have  not  been  defined  by  NACA  the  following 
procedure  is  used.  Up  to  and  including,  45%  chord  use  NACA  66-series  section 
thicknesses.  For  chordwise  distances  >45%  use  NACA  65A-series  section  thick¬ 
nesses  at  (5  +  55X)/60%  chord  where  X  is  the  %  chord  for  the  G5A-series  thickness. 

Hamilton  Standard  has  two  sets  of  noise  data  from  tests  of  two  8.  5-foot  diameter 
OV-1  0  propellers  which  show  an  effect  of  airfoil  section  on  propeller  noise.  One 
propeller  had  blades  made  with  NACA  series  16  and  64  series  sections  and  the  other 
had  blades  trade  with  NACA  series  65  sections.  Aside  from  the  difference  in  sections, 
the  propellers  are  identical.  That  is,  the  same  camber, pi anform,  thickness  and  twist 
are  incorporated  into  both  blade  designs.  Therefore,  any  difference  in  noise,  for  the 
same  power  and  rpm,  should  be  due  only  to  the  difference  in  blade  section.  Noise  data 
were  obtained  at  tip  Mach  numbers  from  .6  to  .9,  which  are  above  that  appropriate  for 
a  quiet  aircraft.  Analysis  of  harmonic  noise  levels  determined  from  the  far-field  data 
shows  that,  for  the  higher  harmonics,  the  NACA  65  sections  are  several  dB  quieter 
than  die  16/64  sections.  The  data  have  not  been  analyzed  for  broad-band  noise.  These 
data  indicate  that  harmonic  noi9e  can  be  reduced  by  optimizing  blade  airfoil  section, 
b«  :  any  effect  on  broad-band  noise  has  not  been  determined  yet. 
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EXPERIMENTAL  PROGRAM 


1.  IN  TlU>l)l  T'TlON 

During  the  course  of  the  contract,  five  acoustic  noise  test  programs  were  con¬ 
ducted  to  provide  a  data  bank  on  the  noise  characteristics  of  very-low-tip-speed 
propellers  for  the  verification  and  development  of  the  propeller  noise  detectability 
program.  Four-bladed  and  two-bladed  11.25-foot  diameter  propellers  tested  as 
tractors  were  included  in  these  test  programs.  In  addition,  a  test  of  a  four-bladed 
pusher  propeller  was  included  to  investigate  the  effect  of  the  test  rig  on  noise.  All 
tests  were  conducted  on  an  outdoor  propeller  test  rig  located  at  the  Hilltop  Facility 
of  Hamilton  Standard.  The  tests  were  conducted  during  the  night,  generally  between 
the  hours  of  midnight  and  six  a.  m.  ,  when  the  most  favorable  wind  and  ambient  noise 
conditions  exist. 

The  noise  was  measured  on  a  50-foot  radius  with  two  data  recording  systems. 

One  used  a  microphone  located  at  ground  level  to  measure  the  low  frequency  rota¬ 
tional  (tone)  noise  and  the  other  used  a  microphone  located  at  approximately  4.5  feet 
from  the  ground  to  measure  the  mid-  and  high-frequency  vortex  noise.  The  effects 
of  the  ground  plane  on  the  measured  noise  were  evaluated  experimentally  and  appro¬ 
priate  corrections  applied  to  the  measured  noise. 

The  low-frequency  noise  was  analyzed  using  a  narrow,  constant-bandwidth 
frequency  filter  to  determine  the  levels  of  the  harmonics  of  rotational  noise.  The 
mid-  and  high-frequency  components  wex*e  analyzed  by  1/3-octave  bands. 

2.  PROPELLER  TEST  FACILITY 

The  propellers  tested  in  this  program  were  run  on  the  propeller  test  rig  shown 
in  Figures  9  and  10.  The  centerline  of  the  hori7ontal  drive  shaft  is  17  feet  above 
the  ground  so  that  the  propeller  ground  clearance  is  approximately  12  feet.  The  shaft 
is  direct-driven  by  a  100 -horsepower ,  variable- speed  electric  motor  whose  output 
power  with  shaft  rotational  speed  is  shown  in  Figure  11. 

The  propeller  shaft  speed  was  measured  with  a  magnetic  pickup  excited  by  a 
30 -tooth  wheel  on  the  speed-control  tachometer  drive  (rotating  at  twice  shaft  speed) 
and  read  directly  on  a  frequency  counter.  The  short-term  stability  and  accuracy 
of  measurement  was  +1  rpm  from  near  zero  to  1200  rpm. 
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Figure  9.  Propeller  Test  Rig  -  Front  View 
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Figure  10.  Propeller  Test  Rig  -  Side  View 
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Figure  11.  Relation  Between  Rig  Drive  Motor  Output  Power  And  Shaft  Speed 


.  ( isarfi  using  <1  .  «»*•  pound  full  m  Jic  «.  axial  thrust  ring 

n  -  ■  :  i  in#  thrust  bearing  cartridfr.  The  meter  a  four  -arm  strain-gage 

bndg*  .  !?!*■  ”UipiJt  ut  \shtch  was  fed  through  an  amplifier  and  read  out  in  pounds  on  a 
digital  iii"}»la\ .  The  thrust  meter  was  calibrated  as  a  system  using  a  Bytex  JP2000 
precision  load  cell  of  nominal  accuracy  of  2  pounds.  The  readout  accuracy,  including 
non-linearity  and  temperature  effects,  is  about  *4%  of  full  scale,  or  +80  pounds. 

Propeller  torque  was  measured  using  a  BLH  strain  gage  torque  meter  having  a 
full  scale  of  10,000  ft-lb.  This  meter  was  calibrated  as  a  system  using  dead  weights 
and  a  known  moment  arm  to  a  full  scale  of  1000  ft-lb.  The  accuracy  of  the  torque 
system  is  approximately  +5%  of  full  scale,  or  +50  ft-lb, 

A  back-up  system  was  used  to  monitor  motor  input  power.  The  armature  current 
and  voltage  were  measured  and  the  propeller  input  power  derived  from  these  measure¬ 
ments  and  the  motor  efficiency  curve  shown  in  Figure  12.  This  efficiency  curve 
was  derived  from  motor  input  power  measurements  made  at  several  motor  speeds  at 
no  load  (i.e.  ,  without  a  propeller). 

It  is  recognized  that  the  measurements  of  thrust  and  torque  made  with  the  load 
cells  described  above  are  of  limited  use  due  to  their  large  full-scale  capacity.  These 
load  cells  existed  in  the  test  rig  which  was  used  in  the  past  for  testing  significantly 
higher  thrust  propellers.  It  is  believed,  however,  that  the  data  from  these  load 
cells  are  useful  in  interpreting  the  test  data. 

3.  PROPELLER  NOISE  MEASUREMENT  LOCATIONS 

Propeller  noise  was  measured  at  the  locations  shown  schematically  in  Figure  13. 
Rotational  tone  noise  was  measured  using  a  microphone  located  at  ground  level  on  a 
50-foot  radius  from  the  center  of  the  propeller  at  true  azimuths  of  45°,  67.  5°,  90°, 

1 12.  5°,  and  135°  (0  is  on  the  propeller  axis  in  the  forward  direction)  for  the  first 
three  tests.  During  the  last  two  tests  (with  47X-464  blades)  two  microphone  locations 
were  added  in  order  to  permit  estimating  the  tone  noise  levels  on  the  axis  by 
extrapolation  in  azimuth  angle.  One  was  at  50  feet  and  20°  azimuth;  the  other  was 
at  80  feet  and  12°  off  the  axis. 

The  broad-band  noise  was  measured  using  a  microphone  mounted  on  a  tripod  at 
approximately  4.  7  feet  above  the  ground.  Propeller  noise  measurements  were  made 
on  a  50 -foot  radius  from  the  center  of  the  propeller.  For  the  first  three  tests, 
measurements  were  made  at  22.5°,  45°,  67.5°,  90°,  112.5°,  and  135  true  azimuth. 
Also,  one  microphone  was  located  at  12  feet  above  the  ground  plane  to  measure 
the  noise  at  6°  azimuth.  For  the  last  two  tests,  the  last  microphone  location  des¬ 
cribed  above  was  changed  to  4.  7  feet  above  the  ground,  resulting  in  an  azimuth  of 
14°. 
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Figure  13.  Schematic  Representation  of  Microphone  Locations 


The  50-foot  radius  was  selected  because  It  represented  a  good  compromise 
between  near  and  far  acoustic  fields,  ambient  background  noise,  evenness  of  the 
ground,  and  the  location  of  major  obstructions  in  the  acoustic  field. 

‘1.  ACOUSTIC  FIELD  CALIBRATION  AND  AMBIENT  NOISE  MEASUREMENT 

The  effects  of  the  ground  plane  on  the  noise  were  investigated  and  appropriate 
correction  factors  derived  for  adjusting  the  data  to  free-field  conditions.  For  the 
low-frequency  harmonic  noise,  measured  by  a  microphone  on  the  ground,  it  was 
anticipated  that  a  pressure  doubling  effect  would  occur,  resulting  in  a  6-dB  increase 
over  the  same  measurement  made  in  a  free-field  environment.  This  was  verified 
as  follows.  A  speaker  was  mounted  on  the  propeller  test  rig  at  the  location  on  the 
propeller  center.  A  sine -wave  oscillator  was  used  to  generate  tones  through  the 
speaker.  A  microphone,  placed  on  the  ground  at  50  feet  from  the  speaker,  was 
used  to  measure  the  level  of  the  tone.  The  microphone  was  then  slowly  raised  above 
the  ground  until  a  minimum  level  was  indicated.  This  reading  was  noted.  The 
microphone  wav  then  raised  further  until  a  maximum  reading  was  again  obtained. 

'This  was  done  for  the  frequency  range  60  to  250  Hz.  It  was  not  practical  to  go  lower 
than  60  Hz  because:  a)  the  output  from  the  speaker  was  decreasing,  b)  the  background 
noise  was  higher  at  low  frequencies,  c)  it  was  not  possible  to  raise  the  microphone 
to  a  sufficient  height  to  obtain  a  minimum,  and  d)  even  had  the  microphone  been 
raised  to  the  null  point,  the  difference  in  path  length  between  the  direct  wave  and 
the  reflected  wave  would  result  in  errors. 

The  minimum  reading  occurs  when  the  reflected  wave  and  the  direct  wave  arrive 
exactly  out  of  phase  and  thus  cancel.  If  the  intensity  of  the  two  are  the  same,  then 
they  cancel  completely  and  no  sound  is  heard.  On  the  other  hand,  at  the  maximum 
the  two  waves  reinforce  and  the  level  measured  is  their  sum.  We  thus  have  two 
equations  in  two  unknowns  as  follows : 
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max 
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from  which: 


AdB  20  log  (P  /P_)  =  20  log  — - - - 

max  D  (P  +  P  ,  ) 

max  min 


where  P  is  the  acoustic  pressure  measured  during  reinforcement,  P  .  is  the 
max  mm 

acoustic  pressure  measured  during  cancellation,  is  the  acoustic  pressure  of  the 

direct  wave,  P  is  the  acoustic  pressure  of  the  reflected  wave,  and  AdB  is  the 
K 

increase  in  measured  sound  pressure  level  due  to  one  reflection.  Figure  14  presents 
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Ground  Reflection  Corrections  for  Tone  Noise 
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thr  results  obtained  by  applying  the  above  equation  to  the  measurements.  Also  shown 
are  the  estimated  actual  increments  derived  from  interpolations  to  the  actual  P  , 
since  it  was  not  possible  to  obtain  this  value  directly  due  to  background  noise. 

The  resulting  curve  approaches  6  dB,  i.e.  ,  the  ground  appears  to  be  a  near-perfect 
reflector  at  low  frequencies.  It  was  thus  concluded  that  a  6  dB  correction  should  be 
applied  to  all  the  data  from  the  ground-plane  microphone  to  adjust  the  measurements 
to  equivalent  free -field  conditions. 

The  acoustic  field  corrections  for  the  microphones  mounted  on  the  tripods  were 
determined  using  random  noise  output  from  the  speaker  located  at  the  center  cf  the 
propeller.  The  signal  was  analyzed  by  1/3-octave  bands.  The  microphone  was  then 
moved  toward  the  speaker,  from  50  feet  to  12.5  feet,  along  a  line  passing  from  the 
microphone  to  the  center  of  the  speaker.  Assuming  spherical  spreading  of  sound, 
any  reflected  wave  would  be  at  least  10  dB  below  the  direct  wave  at  the  12.  5  foot 
location  (the  distance  to  the  ground  being  17  feet,  the  ratio  of  the  path  length  of  one 
reflection  from  the  ground  to  the  distance  from  the  speaker  to  the  microphone  is  3). 

The  1/3 -octave  band  levels  from  the  microphone  at  12.5  feet  were  decreased  by  12  dB 
for  spherical  spreading  from  12.  5  to  50  feet  and  compared  to  those  measured  at  50  feet. 
The  difference  was  attributed  to  ground  reflections.  The  corrections  thus  derived  are 
shown  in  Table  V.  These  levels  are  to  be  added  to  the  measured  levels  for  correction 
to  equivalent  free-field  conditions. 

Note  that  it  is  not  simpler  to  use  a  microphone  located  at  ground  level  to  measure 
the  broad-band  noise  as  well  as  the  low  frequency  tone  noise  because  at  high  fre¬ 
quency:  a)  the  ground  is  not  a  perfect  reflector,  b)  the  reflections  would  be  diffuse 
and,  thus,  the  correction  to  be  applied  would  be  dependent  on  the  local  ground 
composition,  c)  the  dimensions  of  the  microphone  (one-inch  diameter)  approach  the 
wavelength  of  the  sound,  d)  the  acoustic  field  would  have  to  be  calibrated  anyway. 

The  ambient  background  noise  and  noise  of  the  propeller  rig  were  measured  at 
each  of  the  noise  measurement  locations.  The  rotational  speed  of  the  rig  had  a 
negligible  effect  on  the  rig  noise.  Table  VI  summarizes  the  average  background  and 
rig  noise  which  was  found  to  be  typical  for  a  windless  night.  The  azimuths  given 
are  those  of  the  broad-band  noise  measurement  locations. 

5.  ACOUSTIC  DATA  ACQUISITION  AND  DATA  REDUCTION  SYSTEMS 

The  acoustic  data  from  (he  first  two  tests  were  acquired  using  a  system  con¬ 
sisting  of: 


a.  A  Bruel  &  Kiaer  (B&K)  one-inch  condenser  microphone  type  4131. 

1).  A  B&K  type  2203  sound  level  meter. 

c.  A  Kudelski  Nagra  III  single-track  magnetic  tape  recorder  operated  at  7.  5 
inches  per  sec  with  CCER  equalization. 
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TABLE  V 


GlUH  Nl)  REFLECTION  CORRECTIONS  FOR  BROAD-BAND  PROPELLER  NOISE 


Acoustic  Field 

Acoustic  Field 

■Octave  Band 

Corrections  for 

Corrections  for 

er  Frequency 

the  4. 7 -ft  Mic. 

the  12— ft  Mic. 

25  Hz 

-6  dB 

-6  dB 

31.5 

-() 

-6 

40 

-5.5 

-5 

50 

-5 

-4 

62.5 

-3.5 

-1 

80 

-1.5 

2 

o 

100 

1  -2 

125 

-2.5 

-2 

160 

9 

-4 

200 

5 

-2 

0 

250 

-1 

315 

-5 

o 

400 

-4,5 

-1 

500 

-1.5 

-4 

625 

-2.5 

-2 

800 

-1 

-3 

1000 

-2 

-2 

1250 
1600 
2000 
2500 
3150 
4000 
5000 
6250 
SO  00 
10000 


-2.5 

-2 

-3 

-2 

-2 

-3 

-2.5 

-1.5 

-1 

-1 


-2 

-3 

-2 

-2 

-3 

-2.5 

-1.5 

-1 

-1 


*11306  during  the  first  two  test  periods  only. 


TABLE  VI 


GENERAL  BACKGROUND  AND  PROPELLER  TEST  RIG  NOISE 


1  .'3-Octave  Band 
Center  Frequency 

Azimuth  Angle 

6-14.5° 

22.5° 

45° 

67.5° 

90° 

112.5° 

135° 

25  Hz 

51  dB 

58  dB 

50  dB 

53  dB 

51  dB 

50  dB 

50  dB 

21.5 

54 

55 

53 

54 

58 

55 

54 

40 

40 

50 

46 

48 

46 

46 

47 

50 

40 

52 

50 

49 

49 

50 

51 

02.5 

48 

50 

51 

48 

48 

48 

50 

80 

47 

48 

50 

48 

48 

51 

52 

100 

44 

47 

48 

48 

49 

50 

53 

125 

40 

50 

50 

52 

51 

51 

51 

100 

42 

48 

51 

52 

53 

53 

53 

200 

20 

46 

47 

47 

40 

46 

47 

250 

40 

45 

44 

45 

46 

47 

48 

315 

42 

44 

42 

45 

47 

47 

50 

400 

42 

41 

43 

45 

46 

48 

50 

500 

42 

40 

40 

41 

42 

45 

47 

025 

41 

26 

38 

41 

41 

43 

45 

800 

40 

25 

36 

37 

39 

42 

42 

1000 

20 

33 

35 

35 

36 

38 

41 

1250 

20 

32 

34 

35 

35 

37 

38 

1000 

45 

37 

39 

42 

40 

45 

41 

2000 

22 

29 

29 

30 

31 

33 

34 

2500 

29 

26 

27 

28 

29 

30 

32 

2150 

27 

28 

29 

29 

33 

31 

32 

1000 

20 

25 

23 

29 

27 

25 

28 

5000 

22 

24 

23 

26 

24 

23 

24 

0250 

22 

24 

23 

23 

23 

22 

25 

8000 

21 

21 

21 

23 

22 

21 

22 

10000 

20 

24 

_ 

20 

21 

20 

20 

21 
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d.  A  H& K  typo  -12 'Mi  microphone  calibrator  producing  a  04  cilt  acoustic  signal 
at  1000  Hz. 

v.  A  B&K  one -inch  condenser  microphone  affixed  to  a  B&K  type  AO-0033 

10-foot  extension  cable  (for  the  microphone  located  12  feet  above  the  ground). 

The  data  from  the  last  three  tests  were  acquired  using  the  above  equipment  except 
that  the  recording  station  was  remote  from  the  microphone.  Thus,  a  B&K  type  2801 
power  supply  was  used  in  conjunction  with  a  200-foot  extension  cable  to  power  a  B&K 
type  2613  one -inch  cathode  follower. 

The  tape  recordings  were  played  back  on  an  Ampex  AG500  tape  player.  The 
equalization  of  this  machine  was  adjusted  such  that  the  frequency  response  of  the 
total  data  acquisition/playback  system  was  within  +1  dB  from  20  to  14,000  Hz  with 
a  gradual  roll-off  to  -3  dB  at  10  Hz. 

The  data  from  the  ground-plane  microphone  were  analyzed  by  means  of  a  Spectral 
Dynamics  SD101B  Frequency  Analyzer.  A  5-Hz  bandwidth  filter  was  used  for  all  the 
data  except  that  from  90°  azimuth  microphone  where  a  1.  5  Hz  filter  was  required  to 
extract  the  levels  of  the  tones  from  the  other  noise  components.  The  analysis  range 
was  10  to  210  Hz  for  the  150  and  200  ft/sec  tip  speed  conditions ,  and  10  to  410  Hz 
for  the  higher  tip  speed  conditions,  except  for  the  data  from  the  final  test.  Since  this 
test  was  run  with  a  two-bladed  propeller  rather  than  a  four-bladed  propeller,  the 
analysis  frequency  ranges  were  halved.  These  ranges  covered  approximately  10 
harmonics  of  the  blade  passage  frequency.  A  -6dB  correction  for  ground  reflection 
was  added  to  all  the  tone  data. 

The  data  from  the  vortex  noise  microphone  positions  were  analyzed  using  a 
General  Radio  1921  Real  Time  1/3-Octave  Band  Analyzer  with  band  center  frequencies 
from  25  to  10,000  Hz.  Each  band  level  was  corrected  for  background  noise  as 

follows  . 


Corrected  lx*vel  10  log  [antilog  (SPL/10)  -  antilog  (BKG/10)] 

where  SPl,  is  the  measured  1/3-octave  band  level  and  BKG  is  the  background  noise 
level  in  that  hand  at  that  measurement  location  (from  Table  VI).  Since  the  measured 
levels  were  rounded  to  the  nearest  decibel,  the  background  correction  was  applied 
only  when  the  measured  level  exceeded  the  background  noise  by  1  dB  or  more.  II 
this  was  not  the  case,  then  no  further  correction  was  applied  to  the  data  and  it  wa 
considered  to  be  background  noise  rather  than  signal  and,  thus,  not  to  be  used. 

The  data  were  then  adjusted  for  ground  reflections  by  applying  the  corrections  from 
Table  V. 
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In  sonic  cases,  particularly  in  the  low-frequency  bands  and  for  the  higher  tip- 
speed  operating  condition,  it  was  observed  that  some  bands  were  distinctly  higher  in 
level  than  the  bands  immediately  on  either  side,  indicating  the  presence  of  a  tone. 

Thus,  a  similar  analysis  to  that  described  for  the  rotational  noise  was  done  on  this 
on  this  data.  Where  a  tone  was  noted,  its  level  (or  in  the  case  of  a  band  covering  the 
frequency  range  of  several  tones  the  logarithmic  sum  of  the  tone  levels),  was  compared 
to  the  level  of  the  l/3-octave  band  of  that  frequency  range.  If  the  levels  agreed  within 
3  dB,  it  was  assumed  that  the  l/3-octave  band  level  was  due  to  tones  and  not  to 
broad-band  noise  and,  thus,  not  used  for  comparison  with  estimated  vortex  noise. 

The  width  o!  a  !>  Hz  filter  did  not  allow  the  determination  of  the  signal  level 
between  tones.  Therefore,  the  data  from  the  fourth  test  were  more  extensively 
analyzed  using  :>  n  o  rower  filter.  For  this  analysis  the  vortex  noise  data  were 
analyzed  over  tic  range  10  to  <>00  Hz  using  a  1.5  Hz  bandwidth  filter.  The  tones  were 
eliminated  and  H  <  re.  t  ii>i <  grated  between  1/3-oetave  band  frequency  limits  and  the 
corresponding  1  '■’>  octave  band  sound  pressure  levels  calculated.  These  were  then 
corrected  for  t  '<  I. ground  noise  and  ground  plane  effects  and  used  for  correlation 
with  vortex  nois  •  alculatn ms. 


6.  DISCUSSION  OF  3  FM  lUcU’iTS 


a.  Propeller  Test  Configurations 


Four  propeller  configurations  were  tested  in  this  program.  All  were  11.25 
feet  in  diameter.  The  first  three  propellers  were  four-bladed.  The  last  configuration 
tested  was  the  third  propeller  with  two  blades  removed.  Figure  15  and  the  following 
table  present  the  blade  characteristics  of  the  propellers  tested  while  Figure  16  shows 
a  comparison  of  their  planforms.  All  propellers  were  tested  in  the  tractor  mode; 
i„e.  ,  the  propeller  wake  passed  through  the  rig  supporting  structure. 


Blade  designation 
Activity  factor 
Maximum  chord 
Integrated  design 
Airfoil  section 


47X-394  and  47X-451  47X-464 

112.9  213.8 

1 1. 4  in.  19. 1  in. 

0.60  0.5384 

NACA  64A  NACA  66A 


The  first  blade  configuration  (47X-394)  was  an  existing  configuration  designed 
for  a  STOI,  aircraft.  The  second  blade  configuration  (47X-451)  was  derived  from 
the  first  blade  configuration  by  Increasing  the  blade  twist  near  the  tip.  The  purpose 
of  this  change  was  to  reduce  blade  loading  and  angle  of  attack  near  the  tip  in  order 
to  simulate  typical  conditions  in  flight  rather  than  static  operation.  The  third  blade 
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47  X  394  ,  47  X  451  BLADES 
47  X  464  BLADES 


Figure  15.  Blade  Characteristics 


configuration  was  designed  to  minimize  both  harmonic  loading  noise  and  broad-band 
noise  within  the  capabilities  of  an  available  popeller  hub  and  blade  forging.  Theory 
indicates  that  increasing  blade  chord  reduces  harmonic  loading  noise  for  a  given  rpm 
and  thrust.  A  design  study  of  vortex  noise  trends  was  made  using  a  preliminary 
version  of  the  new  vortex  noise  method  with  the  coefficients  based  on  broad-band 
noise  data  from  the  first  two  propellers  tested.  The  study  indicated  that  increasing 
blade  chord  also  would  reduce  propeller  vortex  noise.  The  use  of  an  existing  blade 
forging  resulted  in  a  chord  of  about  19  inches  and  the  activity  factor  to  213.  8  compared 
to  a  chord  of  11.4  inches  and  an  activity  factor  of  112.  9  for  the  first  two  blade  con¬ 
figurations  tested.  Based  on  the  study  of  airfoil  sections  reported  in  Section  V.4, 
NACA  66A  sections  were  used  in  order  to  reduce  vortex  noise  further.  The  method 
of  determining  the  thickness  distribution  for  this  new  section  is  described  at  the 
end  of  Section  V.  4.  In  order  to  facilitate  a  comparison  with  the  first  two  propeller 
configurations,  the  diameter  of  11.25  feet  was  retained.  The  hub  permitted  tests  of 
both  4-bladed  and  2-bladed  configurations  of  the  new  wide  47X-464  blades. 

A  brief  investigative  program  was  conducted  after  the  second  test  period  in 
order  to  determine  rig  blockage  effects  on  the  propeller  noise.  For  this  third  test 
program,  the  second  propeller  test  configuration  was  reversed  and  run  as  a  pusher 
propeller. 

b.  Propeller  Test  Conditions 

The  test  conditions  for  the  five  test  periods  are  summarized  in  Table  VII. 

The  thrust  and  power  are  averages  of  the  rotational  noise  and  broad-band  noise  data 
runs  for  the  tip  speed  and  blade  angle  shown.  The  powers  shown  are  based  on  the  rpm 
and  measured  torque. 

Although  the  wind  speed  is  given  as  a  range,  most  of  the  data  samples  were 
taken  during  calm  periods  since  it  was  possible  to  see  the  anemometer  and  thus 
record  data  between  gusts.  In  many  cases  the  anemometer  was  still;  i.  e.  ,  the  wind 
was  less  than  1  mph. 

c.  Rotational  Harmonic  Noise 

The  measured  harmonic  noise  levels  are  presented  in  Tables  VIII  through 
XII.  All  the  levels  shown  have  been  adjusted  to  equivalent  frce-t'ield  conditions. 

Figure  17  presents  the  rotational  noise  harmonics  for  the  middle  blade  angle 
and  200  ft/aec  tip  speed  at  three  azimuths.  It  can  be  seen  that  the  levels  of  the 
harmonics  do  not  decrease  rapidly  as  is  commonly  predicted  by  theory  for  low  tip 
speed  propellers.  One  possible  explanation  for  this  phenomenon  appeared  to  be 
interference  from  the  rig.  As  a  consequence,  the  third  test  program  was  conducted 
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P 


AZIMUTH  ANGLE 


Figure  17.  Rotational  Noise  Summary 


TABLE  VII 


PROPELLER  TEST  CONDITIONS 
Test  Period  No,  1.  17  x  394  blades.  August  22,  1970 


1 - 

KPM 

Tip  Speed 

Blade  Angle 
at  0. 75  Radius 

Thrust 

Horsepower 

255 

150  ft/sec 

19.7° 

134  lbs 

6.7 

339 

200 

19.7° 

250 

17.4 

547 

322 

19,7° 

729 

72.7 

254 

150 

13.7° 

95 

3.9 

340 

200 

13.7° 

201 

8.0 

510 

300 

13.7° 

490 

34.1 

<>50 

383 

13.7° 

805 

72.9 

‘255 

150 

8.7° 

65 

2.1 

34  1 

200 

8.7° 

156 

6.1 

511 

300 

8.7° 

370 

19.8 

750 

442 

8.7° 

751 

72.7 

Temperature  range:  45  to  54°F 
Barometric  pressure:  29.95  to  30.02  in.  Hg 
Wind  speed:  0  to  2  mph 


Test  Period  No.  2.  47  x  451  blades.  October  17,  1970 


11PM 

Tip  Speed 

Blade  Angle 
at  0. 75  Radius 

Thrust 

Horsepower 

250 

147  ft/s cc 

186  lbs 

5.0 

340 

200 

315 

10.5 

<>oo 

353 

16.4 

800 

69.6 

250 

147 

12.4° 

130 

3.8 

340 

200 

12.4° 

215 

7.5 

510 

300 

12.4° 

484 

32.8 

070 

395 

12.4° 

832 

78.6 

340 

o 

o 

■M 

8.4° 

167 

6.0 

520 

306 

8.4° 

359 

18.4 

750 

442 

8.4° 

743 

70.0 

Temperature  range:  34  to  37°F 
Barometric  pressure:  30.07  in.  Hg 
Wind  speed:  0  to  2  mph 


TABLE  VII  (Cont.) 


Tost  Period  No.  3.  47  x  451  Blades,  Pusher  Configuration.  January  30,  1971 


RPM 

Tip  Speed 

Blade  Angle 
at  0. 75  Radius 

Thrust 

Horsepower 

255 

150  ft /see 

12.5° 

130  lbs 

3.8 

340 

200 

12.5° 

215 

7.5 

510 

300 

12.5° 

484 

32.8 

050 

383 

12.5° 

790 

75.0 

Meteorological  data  not  taken. 


Tost  Period  No.  4.  47  x  404  Blades,  4  Blades.  February  17,  1971 


RPM 

Tip  Speed 

Blade  Angle 
at  0. 75  Radius 

Thrust 

Horsepower 

255 

150  ft/S'‘c 

15.0° 

321  lbs 

8.7 

340 

200 

15.0° 

475 

19.2 

510 

300 

15.0° 

896 

59.7 

255 

150 

11.4° 

199 

6.7 

340 

200 

11.4° 

301 

13.8 

510 

300 

11.4° 

640 

44.4 

600 

353 

11.4° 

881 

73.2 

255 

150 

8.1° 

187 

6.7 

340 

200 

8.  1° 

292 

13.6 

300 

8.  1° 

551 

35.7 

400 

8.  1° 

916 

77.  1 

Temperature  range:  9  to  18°F 
Barometric  pressure:  30. 13  in.  Hg 
Wind  speed:  0  to  3  mph 
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TABLE  Vil  (Concluded) 


Test  Period  No.  5.  47  x  464  Blades,  2  Blades.  March  2,  1971 


Blade  Angle 

RPM 

Tip  Speed 

at  0. 75  Radius 

Thrust 

Horsepower 

255 

150  ft/sec 

10.9° 

40  lbs 

4.4 

340 

200 

10.9° 

125 

8.6 

510 

300 

10.9° 

345 

25.0 

000 

353 

10.9° 

485 

38.0 

080 

400 

10.9° 

10.9° 

631 

53.0 

705 

451 

819 

75.0 

o 

Temperature  range:  28  to  30  F 
Barometric  pressure:  30.  00  in.  Hg 
Wind  speed:  0  to  3  mph 
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TABLE  VIII 


SUMMARY  OF  THE  TONE  LEVELS  FOR  THE  47  X  394  BLADES 


19.7°  Blade  Angle 


Tip  Speed 


150  ft/sec 


200 


Azimuth  Angle 

Harmonic 

45° 

67.5° 

90° 

112.5° 

135° 

7 

1 

61  dB 

53  dB 

52.5  dB 

53.5  dB 

60.5  dB 

2 

50.5 

49.5 

39 

47 

52 

a 

54.5 

47.5 

47 

47 

53 

4 

52 

47.5 

41 

46 

51 

r> 

48.5 

44,5 

43 

41 

48 

G 

47 

41 

47 

1 

64.5 

60 

51.5 

61 

58 

') 

G3 

53.5 

44 

58 

61 

60 

52 

40.5 

56 

57.5 

•) 

58 

50.5 

42.5 

54 

57 

5 

55 

51 

53.5 

58 

G 

55.5 

49.5 

52 

57 

7 

53 

49.5 

50.5 

56 

8 

51 

50.5 

49.5 

53 

9 

49.5 

47 

47 

52 

10 

49.5 

46 

49 

55 

11 

51 

47.5 

50.5 

52 

12 

50.5 

47 

50 

51.5 

13 

48.5 

47 

49.5 

52.5 

1 

68.5 

67.5 

| 

66 

70.5 

2 

64 

65 

■ 

68 

73 

3 

64.5 

73 

4 

60.5 

69 

5 

60 

69 

G 

61 

70.5 

7 

61.5 

70 

8 

63 

1 

70.5 

9 

62 

68 

10 

60 

mm 
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TABLE  VIII  (Cont.) 


F 


13.7°  Blade  Angle 


' 

Azimuth  Angle 

Tip  Speed 

Harmonic 

45° 

67.5° 

90° 

. 

112,5° 

135° 

150  ft/sec 

1 

50  dB 

49  dB 

51.5  dB 

50  dB 

46.5  dB 

2 

40 

36.5  * 

34.5 

37.5 

44 

3 

39 

42 

43.5 

45 

47 

4 

40 

38 

31.5 

36 

39.5 

5 

42 

37 

32 

38.5 

44.5 

200 

1 

57 

52 

49 

53.5 

55 

2 

49 

46 

39 

46 

51 

3 

49.5 

42 

37.5 

43 

51 

4 

52 

41 

36 

42 

50.5 

r> 

52.5 

45 

38.5 

40 

50.5 

G 

53 

50 

7 

50 

48 

8 

49 

46 

9 

4G.5 

44 

10 

43.5 

46 

11 

46 

48 

12 

46.5 

49.5 

13 

47 

47 

14 

47 

45 

300 

1 

62 

65 

63 

58.5 

64.5 

2 

62 

59 

48 

55 

58.5 

3 

58.5 

54 

49 

53.5 

60.5 

4 

59 

56.5 

44.5 

49.5 

57.5 

5 

59.5 

57 

42 

50.5 

55.5 

(i 

57 

52 

57 

7 

57 

52 

61 

8 

59 

53 

62 

9 

58 

53 

56 

10 

57 

52.5 

55 

11 

56 

52 

_ 

55.5 

TABLE  VHI  (Cont.) 


13.7°  Blade  Angle  (Concluded) 


Tip  Speed 

Harmonic 

Azimuth  Angle 

45° 

67.5° 

90° 

112.5° 

135°  „ 

388  ft/sec 

1 

62.5  dB 

70  dB 

74  dB 

72.5  dB 

70  dB 

2 

63.5 

61 

52.5 

63.  5 

66 

3 

63 

60 

51.5 

61 

63 

■1 

62 

62 

50 

59.5 

64.5 

5 

62 

59 

60 

64.5 

(•> 

66 

61 

60.5 

65 

7 

66 

61.5 

62 

67 

8 

66 

60.5 

60 

64.5 

n 

L- 

63 

59.5 

58.5 

66.5 

8.  7°  Black  Anjjle 


Azimuth  Angle 

Tip  Speed 

Harmonic 

45° 

. 

67.5° 

90° 

112.5° 

135° 

150  ft/sec 

1 

57  dB 

52  dB 

54  dB 

50  dB 

51.5  dB 

2 

41.5 

40.5 

36.5 

40.5 

42.5 

3 

39.5 

43 

47 

47 

51 

4 

37.5 

38 

33 

38 

43.5 

5 

40.5 

39 

38.5 

40.5 

44 

200 

1 

54.5 

47.5 

46.5 

■as 

55 

2 

53 

42 

40.5 

45.5 

47 

n 

«> 

45 

42.5 

37.5 

43.5 

50.5 

4 

49 

42.5 

40.5 

41.5 

48.5 

5 

44.5 

40.5 

41.5 

42.5 

45.5 
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TABLE  IX 


SUMMARY  OF  THE  TONE  LEVELS  FOR  THE  47X451  BLADES 


All  data  for  90°  azimuth  angle 


Blade  Angle 

Tip  Speed,  ft/sec 
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147 

200 

300 

353 

395 
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TABLE  X 


SUMMARY  OF  THE  TONE  LEVELS  FOR  THE  47X451  BLADES 
WITH  THE  PROPELLER  IN  A  PUSHER  CONFIGURATION 


All  data  at  12. 5°  blade  angle 
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Tip  Speed 

Harmonic 

45° 
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59 
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56 
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TABLE  X  (Concluded) 


All  data  at  12.  5°  blade  angle 
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Tip  Speed 
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TABLK  XI 


SUMMARY  OF  THE  TONE  LEVELS  FOR  THE  47X464  BLADES 
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67.5° 

90° 

112.5° 

135° 

150  ft/sec 

1 

59  dB 

54  dB 

57  dB 

52  dB 

45  dB 

63  dB 

57  dB 

2 

54 

55 

54 

49 

39 

60 

54 

3 

56 

55 

48 

48 

37 

58 

54 

4 

52 

52 

50 

49 

40 

58 

58 
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TABLE  XI  (Cont. ) 


11.4°  blade  angle 
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TAU1.K  XI  (Cunt.) 


11.1  Id  ado  angle  (Concluded) 


Tip  Speed 
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TABLK  XII 


SUMMARY  OF  TONE  LEVELS  FOR  THE  47X464  BLADES 
IN  A  TWO-BLADED  PROPELLER  CONFIGURATION 
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TABLE  XII  (Concluded) 


10.  9°  blade  angle 
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_ 
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in  which  the  47X451  propeller  was  run  in  a  pusher  configuration;  i.e.  ,  the  propeller 
wake  was  moving  away  from  the  rig  rather  than  through  it.  The  results,  shown  in 
Table  X,  do  not  appear  to  be  significantly  different  from  those  of  the  other  propeller 
configurations.  A  more  detailed  analysis  of  the  data  is  discussed  in  Section  VII.  2.  a. 

Another  area  of  significance  is  in  the  directivity  pattern  of  the  harmonic 
rotational  noise.  Figure  18  shows  the  directivity  of  the  first,  second,  and  tenth 
harmonics  of  blade  passing  frequency  for  the  47X464,  4-bladed  propeller  at  300  ft/sec 
tip  speed.  Whereas  from  theory  one  would  expect  the  maximum  to  occur  slightly 
behind  the  plane  of  rotation  with  little  or  no  tone  noise  ahead  and  behind  the  propeller, 
the  pattern  shown  in  Figure  18  appears  to  be  rotated  90° ,  with  the  maximum  occurring 
along  the  propeller  axis  and  very  little  noise  in  the  plane  of  rotation. 

d.  Broad-Band  Vortex  Noise 

The  1 /3-octave  band  vortex  noise  levels  are  presented  in  Tables  XIII  through 
XV.  The  levels  shown  have  been  corrected  for  background  noise  and  are  adjusted  to 
equivalent  free-field  conditions. 

The  data  from  the  fourth  test,  on  the  47X464  blades  in  a  four-bladed  con¬ 
figuration,  were  derived  from  narrow -band  analyses  as  described  previously. 

Figure  19  shows  a  typical  plot  generated  for  this  analysis.  Of  significance  is  the 
width  of  the  peaks.  These  are  seen  to  be  narrow  and  approximately  equal  to  the 
filter -response  curve  at  the  low -frequencies  but  are  broader  at  the  higher  frequencies 
indicating  the  presence  of  narrow -band  random  noise.  Further  discussion  of  this 
figure  is  presented  in  Section  VII, 2.  c. 

A  comparison  of  the  broad-band  noise  spectrum  from  the  three  blade 
configurations  tested  is  presented  in  Figure  20  for  one  particular  microphone 
location  and  operating  condition.  The  47X-464  blades  were  designed  to  reduce  both 
the  theoretical  loading  noise  and  the  broad-band  noise  predicted  by  the  new  method. 

The  predicted  decrease  in  broad-band  noise  in  the  250-1000  Hz  frequency  range  is 
3.3  dB  relative  to  the  47X-451  blades  and  the  average  measured  decrease  is  3.4  dB 
for  comparable  test  conditions  and  microphone  locations.  This  agreement  between 
prediction  and  measurement  provides  confidence  in  the  validity  of  the  new  propeller 
vortex  noise  method  developed  in  Section  V.3  in  predicting  broad-band  noise  of  static 
propellers. 

Figure  21  illustrates  the  effects  of  blade  angle  on  the  measured  broad -band 
noise  for  one  operating  condition  at  one  microphone  position.  The  effects  are  seen 
to  be  small. 
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Figure  19.  Typical  Frequency  Spectrum 


Figure  20.  Effect  of  Propeller  Configuration  on  Broad-Band  Noise  Spectrum 
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Effect  of  Blade  Angle  on  Propeller  Broad-Band  Spectrum 


l'.l  7“  Made  Angle 


TABLE  XIII 

1/3  -  OCTAVE  BAND  LEVELS  FOR  THE  47x3»4  BLADES 
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SECTION  VII 


CORRELATION  OF  TEST  DATA  WITH  THEORY 


1.  INTRODUCTION 

The  teat  program  described  in  the  previous  section  had  three  major  objectives: 
a)  to  provide  harmonic  rotational  noise  data  to  validate  the  propeller  noise  detec¬ 
tability  computer  program  calculation  procedure  for  rotational  noise,  b)  to  provide 
the  1/3 -octave  -band  noise  data  bank  needed  to  determine  values  of  the  3  empirical 
coefficients  in  the  new  vortex  noise  prediction  procedure  developed  under  thi6 
contract,  and  c)  to  demonstrate  the  reduction  in  noise  obtained  from  a  propeller 
with  new  blades  designed  for  reduced  detectability. 

Earlier  evaluations  by  Hamilton  Standard  of  the  rotational  noise  calculation 
procedure  for  moderate-  and  high -tip-speed  propellers  had  shown  fair  agreement 
between  predicted  and  measured  harmonic  noise  levels.  The  evaluations  were  done 
for  field  points  both  near  and  far  from  the  propeller  and  for  both  static  and  flight 
operation.  However,  the  predicted  rotational  noise  differed  greatly  from  the  low- 
tip -speed  data  obtained  during  the  test  programs  described  above.  Not  only  were  the 
measured  higher  harmonics  much  larger  than  predicted,  but  even  the  fundamental 
(first)  harmonic  was  significantly  larger  than  predicted.  An  extensive  investigation 
of  possible  causes  of  the  lack  of  agreement  and  of  ways  to  improve  agreement  was 
undertaken  and  is  reported  in  the  following  section. 

The  1/ 3-octave  band  data  bank  obtained  from  the  test  program  was  used  to  select 
the  force  coefficient  Cp,  the  frequency  coefficient  Cf,  and  the  Reynolds  number  expo¬ 
nent  which  provide  best  agreement  between  the  vortex  noise  predicted  by  the  method 
developed  under  this  contract  and  data.  This  method  is  discussed  in  Section  V.3.  The 
values  of  the  three  parameters  selected  are  8.0,  0.06,  and  -1.0,  respectively. 

The  theories  for  harmonic  and  vortex  noise  were  used  to  design  new  blades  for 
reduced  detectability.  The  theory  for  harmonic  loading  noise  indicates  that  increasing 
blade  chord  reduces  rotational  noise.  Therefore,  the  propeller  wdth  the  new  wider 
47X-464  blades  should  produce  less  rotational  loading  noise  than  the  first  two  pro¬ 
pellers  tested  at  the  beginning  of  the  program.  However,  the  increased  chord 
increases  thickness  noise  sufficiently  that  it  is  predicted  to  exceed  loading  noise. 

The  measured  data  show  no  significant  change  in  the  harmonic  noise  levels.  The  new 
vortex  noise  method  predicts  a  reduction  of  3.  3  dB  in  vortex  noise  with  the  wider 
blades.  A  comparison  of  the  measured  noise  in  the  bands  from  250  to  1000  Hz  shows 
a  decrease  of  3. 4  dB. 
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HARMONIC  ROTATIONAL  NOISE 


At  the  start  of  the  contract  it  was  planned  to  use  the  harmonic  noise  data  to 
verify  the  accuracy  of  the  rotational  noise  levels  predicted  by  the  computer  program 
and  to  permit  small  changes  to  improve  correlation.  However  the  first  test  period 
showed  significant  differences  between  the  test  data  and  predictions.  These 
differences  also  were  present  in  the  data  from  the  other  four  test  periods. 

The  predicted  harmonic  noise  levels  had  the  following  general  characteristics: 
a)  the  SPL  of  the  fundamental  (at  blade  passing  frequency)  harmonic  noise  increases 
by  about  37  dB  per  doubling  of  rpm,  b)  the  harmonic  fall- off  is  rapid,  the  first 
overtone  is  about  60  dB  lower  than  the  fundamental,  and  c)  the  noise  is  loudest 
slightly  behind  the  propeller  plane  and  drops  to  zero  on  the  axis.  In  contrast,  the 
test  data  show:  a)  the  SPL  of  the  fundamental  increases  about  19  dB  per  doubling 
of  rpm,  b)  the  harmonic  SPL's,  up  to  the  10th  harmonic,  are  within  30  dB  of  the 
fundamental,  and  c)  the  harmonic  noise  data  shows  a  sharp  dip  near  the  propeller 
plane  and  does  not  decrease  near  the  axis. 

A  thorough  study  of  possible  noise  sources  which  would  explain  the  lack  of 
correlation  with  theory  was  undertaken.  The  results  are  presented  in  the  next  two 
sections. 


a.  Correlation  of  Test  Data  with  Theory 

The  significant  differences  between  the  harmonic  noise  test  data  and  the 
predictions  are  outlined  in  the  preceding  paragraphs.  Some  specific  examples  are 
presented  here.  Also,  several  possible  sources  of  the  harmonic  noise  which  were 
investigated  are  discussed. 

The  variation  of  the  fundamental  measured  harmonic  noise  level  with  rpm 
(and  tip  speed)  is  shown  in  Figure  22  for  a  representative  case  at  12.  5°  behind  the 
propeller  plane.  At  the  two  highest  tip  speeds  the  theory  for  harmonic  rotational 
noise  with  uniform  loading  (see  Sections  IV.  2  to  4)  agrees  fairly  well  with  the 
measured  data.  But  at  the  two  lower  speeds  the  agreement  becomes  poor. 
Unfortunately,  the  propeller  noise  detectability  program  is  expected  to  be  applied 
to  low -tip -speed  propellers  where  Figure  22  shows  the  harmonic  noise  prediction 
with  uniform  loads  is  inaccurate.  The  curve  for  the  predicted  variation  with  loading 
harmonies  Included  in  order  to  improve  the  accuracy  of  the  prediction  is  discussed  in 
the  following  Section  VII.  2.  b. 
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Figure  17  presents  the  measured  rotational  noise  harmonics  of  four  4-bladed 
propeller  configurations  at  three  azimuth  angles.  It  can  be  seen  that  the  harmonic 
levels  do  not  decrease  rapidly  with  harmonic  number  (and  frequency).  Although  there 
are  individual  differences  shown  in  the  limited  sample  represented  by  Figure  17,  a 
study  of  all  the  harmonic  noise  data  in  Tables  VIII  to  XII  does  not  indicate  any  signifi¬ 
cant  difference  between  the  various  configurations  tested.  Figure  23  presents  the 
harmonic  noise  data  for  one  configuration  in  Figure  17.  The  predicted  noise  levels 
for  the  theory  with  uniform  loading  are  also  presented  by  square  symbols.  The 
fundamental  harmonic  is  much  less  than  the  measured  value,  as  discussed  above  in 
connection  with  Figure  22.  Even  more  significant  in  terms  of  detectability  is  the  fact 
that  all  predicted  overtones  are  very  much  quieter  than  measured,  by  about  60  dB  for 
the  second  harmonic,  for  example,  and  even  more  for  higher  harmonics. 

Figure  24  shows  the  measured  directivity  pattern  of  the  fundamental  and  fifth 
harmonics  of  blade  passing  frequency.  The  directivity  pattern  of  the  fundamental 
harmonic  predicted  by  the  standard  theory  with  uniform  loading  is  shown  by  square 
symbols  and  is  dominated  by  thickness  noise  rather  than  by  loading  noise  because  the 
chord  of  the  47X464  blades  is  large.  Therefore,  the  directivity  pattern  gredieted  for 
the  fundamental  harmonic  has  a  maximum  in  the  propeller  plane,  i//  =  90  ,  rather  than 
the  measured  minimum  shown. 

The  lack  of  correlation  between  test  data  and  prediction  in  level,  harmonic 
content  and  directivity  pattern  described  above  shows  that  the  standard  calculation  of 
propeller  harmonic  noise  is  inadequate  for  predictions  of  harmonic  noise  for  the  test 
conditions.  This  does  not  mean  that  the  theory  is  inadequate  for  all  conditions. 

Indeed,  it  has  proved  to  be  generally  adequate  at  higher  tip  speeds,  both  in  flight  and 
statically.  Because  of  the  observed  lack  of  correlation,  other  sources  of  harmonic 
noise  on  the  rig  at  low  propeller  speeds  were  investigated.  The  results  are  sum¬ 
marized  in  Table  XVI.  The  first  two  sources  are  expressed  by  the  standard  calcula¬ 
tion,  as  in  Equations  (3)  and  (4),  and,  as  the  preceding  discussion  shows,  do  not 
predict  the  measured  data.  With  the  exception  of  the  last  3  items  in  the  table  the 
sources  of  harmonic  loads  described  were  dismissed  from  further  consideration  dur¬ 
ing  the  investigation  for  the  reasons  given  in  the  table.  The  velocity  field  at  the  strut 
due  to  the  trailing  tip  vortex  (item  13)  was  calculated  by  a  Hamilton  Standard  computer 
program.  At  4  teet  from  the  propeller  axis  the  predicted  velocity  normal  to  the  strut 
varies  from  10  ips  to  132  fps  as  the  propeller  turns.  High  velocities  near  132  fps 
occur  only  over  a  small  fraction  of  the  distance  between  blades  and  therefore  the  force 
on  the  strut  would  be  rich  in  harmonics.  The  first  3  harmonics  of  the  noise  due  to  the 
resulting  oscillating  force  on  the  struts  were  calculated  and  compared  favorably  with 
he  data.  Therefore,  test  program  3  was  conducted  to  verify  that  the  rig  support 
struts  were  the  source  of  the  harmonic  noise.  The  47X-451  propeller  blades  were 
rotated  180°  in  the  bub  and  the  direction  of  propeller  rotation  was  reversed.  Thereby 
the  propeller  was  operated  as  a  pusher  with  the  trailing  vortex  moving  away  from  the 
rig  rather  than  towards  ii.  As  Figure  17  shows,  the  harmonic  noise  did  not  decrease 
significantly.  Also,  an  observer  could  recognize  that  ihe  noise  source  was  the  pro¬ 
peller  rather  than  the  rig  even  In  the  normal  tractor  mode.  Therefore,  this  noise 
source  was  discarded  as  a  cause  of  the  observed  harmonic  noise. 
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Figure  24.  Comparison  of  Measured  and  Predicted  Directivity  Patterns 
of  Rotational  Noise 
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TABLE  XVI 


SUMMARY  OF  HARMONIC  NOISE  SOURCE  STUDY 


Harmonic  Noise  Source 


I.  Axially-symmetric  thrust  and 
torque  loadings 


2.  Blade  thickness 


3.  Radial  blade  loads 


1.  Blade  vibration 


r>.  Quadrupole  sources  studied  by 

Ffowcs  Williams  and  Hawkings^33) 


(>.  Second-order  sources  studied  by 
MorfeyU  4) 


Atmospheric  turbulence  causing 
varying  blade  loading 


8.  Asymmetric  blade  loading  due  to 
ground  blockage  inducing  asym¬ 
metric  flow  through  the  propeller 


Comments 


Theory  (Eq.  (3))  predicts  a  large  varia¬ 
tion  with  rpm,  rapid  harmonic  fall-off, 
and  noise  maximum  near  =  105°.  As 
discussed  in  text,  these  3  trends  differ 
from  those  observed. 

Theory  (Eq.  (4))  generally  predicts  lower 
harmonic  noise  than  does  theory  of  load¬ 
ing  noise  (Eq.  (3))  and  noise  maximum  in 
propeller  plane. 

The  theory^22)  predicts  maximum  noise 
in  propeller  plane.  Should  be  small  be¬ 
cause  of  small  blade  deflections,  unlike 
a  helicopter  rotor. 

Not  source  because  vibration  frequencies 
are  not  always  multiples  of  blade  passing 
frequency. 

Studies  at  United  Aircraft  Corporation 
Research  Laboratories  show  these  sources 
would  produce  less  noise  than  that  from 
uniform  loading  (Item  1 ) 

Believed  insignificant  because  of  low 
axial  Mach  numbers  and  large  spacing 
between  the  propeller  and  stand  support 
struts,  see  Figure  10. 

Turbulence  believed  to  be  small.  Data 
obtained  during  a  wind  gust,  with  pre¬ 
sumably  more  turbulence,  shows  only 
moderate  increases  in  noise  level. 

Believed  insignificant  because  the 
propeller  axis  is  over  3  propeller 
radii  above  the  ground. 
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TABLE  X1/!  (Concluded) 


Harmonic  Noise  Source 


9.  Wind  producing  asymmetric  blade 
loading 


10.  Asymmetric  blade  loading  due  to 
non-uniform  flow  induced  by 
blockage  of  stand  support  struts 


1 1.  Boundary  layer  velocity  wake 
from  blades  causing  an  oscil¬ 
lating  force  on  struts 

12.  Bound  vortex  on  blades  causing 
an  oscillating  force  on  struts 

13.  Trailing  tip  vortex  from  blades 
causing  an  oscillating  force  on 
struts 

14.  Asymmetric  blade  loading 

15.  Narrow -band  random 


Comments 


Most  of  data  obtained  with  winds  less  than 
1  knot  (see  Sect.  VI  6b).  Data  obtained 
during  a  gust  show  low-order  harmonics 
may  increase  by  10  dB  and  the  higher- 
order  harmonics  by  less  than  2  dB. 

Velocity  through  propeller  disc  is  reduced 
.  14%  ahead  of  each  strut.  The  resulting 
asymmetric  loading  is  insufficient  to 
produce  the  measured  fundamental  har¬ 
monic  noise  level. 

Calculated  noise  level  is  15  dB  below 
measured  data. 

Calculated  velocity  change  at  struts  of 
.  1  fps  is  too  small  to  cause  significant 
noise. 

Calculated  velocity  change  produces 
harmonic  noise  similar  to  data  but 
observer  hears  noise  coming  from 
propeller,  not  rig. 

Source  unknown,  see  Sect.  VII  2b. 

See  Sect.  VII  2c. 


The  last  2  noise  sources  are  discussed  in  the  following  2  sections,  respec¬ 
tively.  Harmonic  loading  (item  14)  has  been  correlated  and  does  provide  improved 
agreement  with  the  test  data.  The  last  source,  item  15,  is  shown  to  be  present  by 
the  1,5  Hz  bandwidth  spectra  obtained  from  test  period  4  and  illustrated  in  Figure  19. 
None  of  the  existing  propeller  noise  theories  predict  the  observed  narrow-band  random 
noise.  This  noise  is  discussed  further  in  Section  VII.  2.  c. 

h.  Derived  Harmonic  Loads 

The  effects  of  harmonic  loads  on  harmonic  loading  noise  are  discussed  in 
Section  IV.  5,  where  Equation  (9)  for  the  loading  noise  due  to  harmonic  loads  is  pre¬ 
sented.  The  problem  considered  here  is  the  inverse  one,  that  of  deriving  the  harmonic 
loads  which  correspond  to  the  measured  harmonic  sound  pressure  levels.  In  order 
to  make  this  problem  tractable  it  is  necessary  to  use  the  far-field  approximation,  to 
assume  that  the  loads  are  concentrated  at  80%  of  the  tip  radius  (effective -radius 
approximation) ,  and  to  assume  random  phasing  between  each  loading  harmonic.  Also 
operation  at  zero  forward  speed,  (static)  is  assumed  because  the  noise  data  obtained 
in  the  program  is  from  a  static  test  stand. 

With  these  assumptions,  the  equation  for  the  sound  pressure  level  of  order 

m  is: 
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This  equation  involves  Bessel  functions  with  an  argument  of  (  irDBnY/75da)m 
and  order  mB-  X  .  On  the  propeller  axis  the  argument  is  zero,  because  Y  =  0,  and 
the  only  non-zero  Bessel  frunction  is  (0)  =  1.0,  Therefore,  only  harmonic  thrust 
loads  of  order  X  =  mB  contribute  to  the  harmonic  loading  noise  on  the  axis.  Equation 
(46)  can  be  solved  for  these  harmonic  thrust  loads  in  terms  of  the  measured  harmonic 
noise  levels  dB 
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In  the  propeller  plane  ( ^  =  90°)  only  harmonic  torque  loads  Q  contribute  in 
Equation  (46) ,  which  can  be  put  in  the  form 
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Experience  with  helicopters  ^1)  suggests  that  the  torque  harmonics  vary  inversely  with 
the  harmonic  order  to  some  exponent.  Therefore,  the  following  trend  is  assumed,  with 
the  factor  C  to  be  determined 
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(49) 


Substituting  Equation  (49)  into  Equation  (48)  results  in  the  equation 
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Harmonic  torque  loads  were  derived  from  Equation  (50)  using  harmonic  sound 
pressure  levels  measured  in  the  propeller  plane  (  90°).  These  harmonic  torque 

loads,  expressed  as  a  percentage  of  the  steady  (zero-order)  torque  are  shown  in 
Figure  25.  A  least-squares  fit  to  the  data  of  17%/  \  34  is  shown  by  the  solid  line. 

The  discrepancy  between  this  slope  of  -1.  34  and  the  local  slope  of  -2.  5  assumed  in 
Equation  (49)  is  not  believed  to  make  a  significant  change  in  the  results  shown.  With 
the  exception  of  the  derived  torque  harmonics  at  the  higher  harmonics  from  tests  of  the 
pusher  propeller  (diamond  symbols)  the  rest  of  the  solid  symbols  fall  together.  It  is 
noticeable  that  use  of  a  pusher,  rather  than  a  tractor,  test  configuration  reduced  the 
higher  torque  harmonics  but  did  not  change  the  lowest  three  torque  harmonics.  For 
the  same  test  conditions  the  correlation  is  6.  8%/X'  86  for  tractor  operation  and  38%/ 
\1. 95  for  pusher  operation.  Loading  harmonics  over  the  5th  are  lower  for  a  pusher 
rather  than  a  tractor  operation  with  these  correlations. 


Calculation  of  harmonic  thrust  loads  from  Equation  (47)  requires  thal  harmonic 
noise  data  be  measured  on  the  propeller  axis.  Obtaining  meaningful  harmonic  noise 
data  on  the  axis  is  difficult  because  some  of  the  noise  recorded  does  not  come  directly 
from  the  propeller  as  assumed  but  is  reflected  from  the  ground  in  front  of  the  test 
stand.  Far  the  test  stand,  shown  in  Figures  9  and  10,  with  the  axis  17  feet  off  the 
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ground  a  microphone  50  foot  ahead  on  the  axis  picks  up  reflected  sound  that  is  emitted 
at  34°  from  the  axis  and,  therefore,  includes  significant  noise  due  to  the  torque  forces. 
The  increased  path  length  of  the  reflected  noise  reduces  it  by  only  1.6  dB  so  that  it 
is  significant.  The  first  three  test  periods  had  been  completed  before  the  need  to 
derive  harmonic  thrust  loads  became  apparent.  Because  the  range  of  azimuth  angles 
for  measured  harmonic  noise  in  these  tests  was  only  45°  to  135°,  it  was  not  possible 
to  extrapolate  to  0°  (on  the  axis)  with  any  confidence.  Therefore,  no  derived  harmonic 
thrust  loads  were  calculated  from  the  data  from  the  first  three  periods.  Several 
approaches  to  the  problem  of  obtaining  valid  on-axis  noise  data  during  tests  of  the 
third  blade  configuration  (47X-464)  were  investigated.  It  was  decided  to  use  the 
approach  of  adding  two  microphones,  at  50  feet  and  20°  and  at  80  feet  and  12°,  and 
to  use  these  two  additional  locations  to  extrapolate  to  4  -  0.  For  conditions  where 
this  extrapolation  of  the  harmonic  noise  data  to  &  -  0  appeared  reasonable  the  results 
are  presented  in  Figure  26.  The  harmonic  thrust  loads  derived  from  Eq.  (47)  are 
expressed  as  a  percentage  of  the  measured  thrust  and  plotted  against  harmonic  load 
order  X  mB.  A  least-squares  fit  to  the  data  of  8.4%/X  is  showm  by  the  solid 
line. 


The  derived  harmonic  torque  and  thrust  loads  are  combined  in  Figure  2  7. 

The  slope  of  -1.36  corresponds  to  a  reduction  in  harmonic  noise  level  of  2.2  dB  per 
doubling  of  noise  order,  or  frequency.  The  combined  curve  is  weighted  towards  the 
torque  curve  because  of  the  larger  number  of  data  points  represented  by  the  torque 
curve.  If  only  data  points  for  which  both  torque  and  thrust  harmonies  are  available 
are  included,  the  two  curves  are  closer  together  and  are  fitted  by  the  equation 
12.4%/  x  1,4G.  This  line  is  between  the  thrust  and  torque  lines  in  Figure  27. 

A  comparison  of  harmonic  loads  derived  from  the  2-bladed  configuration  noise 
data  with  loads  derived  from  the  4-bladed  configuration  with  nearly  the  same  blade 
angle  shows  that  the  harmonic  loads  for  the  2-bladed  configuration  are  over  two  times 
larger.  Most  of  this  difference  can  be  explained  by  assuming  that  the  harmonic  load 
on  each  blade  does  not  depend  on  the  number  of  blades.  Therefore,  the  percentage 
harmonic  loads  of  a  2-bladed  propeller  should  be  double  the  percentage  loads  of  a 
4 -bladed  propeller.* 

Analysis  of  the  harmonic  loads  derived  from  noise  data  obtained  with  the 
blades  shows  a  considerable  variation  of  the  percentage  harmonic  loads 
with  rpm.  The  purpose  of  this  study  of  derived  harmonic  loads  is  to  develop  a  correla¬ 
tion  of  harmonic  loads  which  might  be  used  to  predict  the  harmonic  loading  noise  of  the 
propeller  of  a  quiet  aircraft.  These  propellers  are  expected  to  operate  at  low  tip  speeds 
of  300  fps  or  less.  Therefore,  only  data  from  a  4-bladed  tractor  configurations  with 
tip  speeds  less  than  or  equal  to  300  fps  were  included  in  the  data  bank  used  to  establish 
the  trend  equation  21.4%  X  *’4^,  shown  in  Figure  28.  Using  the  effect  of  number  of 
blades  discussed  in  the  preceding  paragraph,  the  correlation  of  the  harmonic  loads 
derived  from  the  harmonic  noise  measured  during  tests  conducted  during  this  program 
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l  lus  i  on-!' lution  nl  harmonic  b  cels  w  ns  used  to  calculate  Die  hannonn  mia- 
limial  iii'isc  levels  shown  bv  triangles  in  Figut  rs  22  In  2-».  In  Figure  22  (be  correla¬ 
tion  with  data  at  the  (no  lower  speeds  is  markedK  improved.  The  lrnproveirient  for 
the  ov'er.ones  shown  in  Figuc  •  i.2  is  even  more  significant ,  since  the  higher  •"•er tones 
rather  than  the  fundamental  would  bo  dele;  led  first.  The  improved  correlation  of 
directivity  pattern  is  demonstrated  in  Figure  2t.  As  discussed  previously  ,  for  the 
fundamental  harmonic  (shown  on  right  of  figure)  in  the  propeller  plane  the  thickness 
noise  predominates  and  is  not  changed  by  adding  harmonic  loading. 

The  discussion  of  Figure  19  in  the  next  section  points  out  that  the  higher- 
order  harmonic  noise  is  not  a  true  tone  noise  but  appears  to  be  a  narrow-band  random 
noise.  However,  no  distinction  was  made  between  these  sources  of  harmonic  noise 
m  deriving  the  harmonic  load  correlations  presented  in  this  section.  If,  in  fact,  these 
higher-order  noise  harmonics  are  not  caused  by  harmonic  loading,  the  derived 
harmonic  loads  for  orders  of  about  20  and  above  arc  not  valid.  The  high-order 
harmonic  loads  would  lie  less  than  those  derived  and,  therefore,  the  correlations 
shown  in  Figures  2T>  to  2  8  would  be  steeper,  perhaps  with  a  slope  of  -2.  rather  than 
near  -1.1.  Because  the  propeller  noise  theories  which  are  represented  in  the  computer 
program  do  not  predict  this  narrow-band  random  harmonic  noise,  and  because  the 
aural  detectability  criteria  approach  selected  does  not  differentiate  between  tones  and 
narrow -band  random  harmonic  noise,  use  of  the  harmonic  load  correlation  presented 
in  Figure  28  is  believed  to  be  proper  for  detectability  studies. 


e.  Discussion  of  Harmonic  Noise  Sources 

An  intensive  investigation  of  the  observed  harmonic  noise  characteristics  was 
undertaken  in  an  effort  to  explain,  and  thereby  be  able  to  predict,  the  harmonic  noise 
of  a  propeller  operating  at  low  tip  speeds.  Three  approaches  were*  pursued:  a)  listen¬ 
ing  to  the  propeller  on  the  test  stand,  b)  a  very  narrow  band  analysis  of  some  of  the 
data,  and  el  a  literature  search  for  theories  which  predict  noise  characteristics  like 
those  measured. 

It  was  observed  at  the  beginning  of  the  test  program  that  the  propeller  is  heard 
to  be  much  quieter  close  to  the  propeller  plane  and  about  equally  loud  elsewhere.  If 
one  stands  under  the  shaft,  but  slightly  ahead  or  behind  the  propeller,  one  hears  a 
series  of  bursts  of  hissing  noise.  The  noise  appears  to  come  from  about  the  TO'" 
radius  station  of  the  blade  approaching  the  observer.  By  moving  to  one  side  the  source 
appears  to  move  around  the  axis  so  as  to  always  approach  the  observer.  The  frequency 
of  repetition  of  the  bursts  of  noise  is  the  blade  passing  frequency.  Thus,  to  the 
observer,  it  appears  that  the  harmonic  noise  is  due  to  a  high-frequency  sound  source 
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t'.it  it  l  i.ii!c  'a  t  u  fi  rut.-  :t  i;  it  <p  - ;  w;*'  p  ,aUv«>  th»*  blade.  It 

iTijuiro  that  tittle  ni mm/  i"  inti'iii!  !  •:  ■'tu .  %  > '•!"'•  a v-  or  m  the  rear  halt  circle, 

Theoretii  -all \  ,  a  dipole  nwi  1  luting  m  i  (hn  ' .  •  r r? . a i  to  its  motion  produces  a 

similar  noise  pattern.  llmivior,  theoretic  ;ii  i\  -  .  up  Mac  It  irumtnT  is  too  low  to 
produce  the  distortion  required. 

Recent  high-speed  movies  of  a  tip  vortex  from  a  helicopter  rotor  on  a  test 
stand  have  shown  that  both  the  blade  and  the  vortex  oscillate  axially  with  a  period  of 
one  revolution.  The  relative  motion  between  the  flapping  blade  and  the  tip  vortex 
also  lias  a  period  of  one  revolution  and  Induces  large  changes  in  angle  of  attack  at 
about  HOrr  radius.  These  angle  of  attack  changes  result  in  a  harmonic  load  change  and, 
therefore ,  in  harmonic  noise.  It  is  not  known  if  the  same  angle  of  attack  changes 
would  occur  if  the  blades  were  stiff,  as  in  a  propeller,  so  that  they  did  not  flap  as  in 
a  rotor.  That  is,  it  is  not  known  whether  blade  flapping  or  vortex  oscillation  initiates 
the  observed  effects.  However,  numerical  studies  by  UAC  have  shown  that  the  trail¬ 
ing  lip  vortex  is  unstable ,  so  that  its  position  has  a  random  variation.  Consequently, 
it  is  expected  that  oscillation  of  the  tip  vortex  will  occur  even  with  stiff  blades.  In 
forward  flight,  or  with  fewer  blades,  the  effects  of  the  oscillation  of  the  tip  vortex  are 
expected  to  be  reduced, 

A  frequency  spectrum  obtained  with  a  1. 5-Hz  bandwidth  filter  is  shown  in 
Figure  19.  It  illustrates  several  significant  points.  First,  the  width  of  the  first 
four  spikes  is  very  narrow  and  is  known  to  correspond  to  the  filter-response  curve. 
Therefore,  these  spikes  represent  a  tone  noise.  Second,  the  level  of  these  tones  de¬ 
creases  with  increasing  frequency.  Third,  the  widths  of  the  spikes  at  higher 
frequencies  are  considerably  broader  than  the  filter  response  curve.  Therefore, 
these  spikes  are  not  due  to  harmonic  tones,  but  suggest,  instead,  a  narrow-band 
random  noise.  Fourth,  the  higher-frequency  spikes  have  an  envelope  which  is  a  max¬ 
imum  at  about  the  9th  harmonic.  Lastly,  the  level  of  the  broad-band  noise  between  the 
spikes  follows  the  envelope  of  the  spikes  closely. 

Hamilton  Standard  obtained  some  noise  data  from  a  DHC-5  aircraft  with  one 
propeller  replaced  by  a  propeller  designed  for  a  quiet  STOL  aircraft.  Data  were 
obtained  during  both  static  (on  the  ground)  and  80-knota  flyover  operation  with  a  tip 
speed  of  630  fps.  The  noise  spectrum  shown  in  Figure  29  for  static  operation  exhibits 
many  harmonics  of  rotational  noise.  The  spectrum  from  flight  operation  exhibits  fewer 
harmonies  of  rotational  noise.  For  static  operation,  the  fundamental  and  the  4th 
through  the  7th  harmonics  would  be  detected  whereas  for  flyover  operation  only  the 
2nd  harmonic  would  be  detected.  Although  these  data  were  not  obtained  at  the  very  low 
tip  speeds  typical  of  a  quiet  aircraft,  they  are  cited  because  they  demonstrate  an  effect 
of  flight  speed  on  the  harmonic  noise  content  which  may  invalidate  use  of  harmonic 
loadings  derived  from  static  data  for  flight  noise  predictions. 
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Comparison  of  a  Static  Propeller  Noise  Spectrum  with  that  from  a  Propel! 
in  Plight,  Both  Operating  at  030  Ft/Sec  Tip  Speed  and  1050  3HP 


An  invr.stiKPt.ioj-,  of  *he  propeller  noise  data  from  the  47X-4fi4  blades  using 
various  tow  ami  high -pm,, s  fitters  and  an  oscilloscope  rc,  rated  that  the  noise  level 
m  not  steady,  Suit  has  an  apparently  random  variation,  suggesting  that  turbulence 
might  he  the  source.  Mr.  Ham  am  Muni,  oi  the  Department  of  Mcchanicm  and  Aero- 
space  Engineering  of  the  University  of  Massnchu:  etts ,  has  studied  the  problem  of 
sound  generation  due  to  free -stream  turbulence  incident  on  a  rotor.  He  presents,  in 
an  unpublished  paper,  predicted  noise  spectra  which  resemble  those  shown  in  Figure 
IP  at  the  higher  frequencies,  that  is,  that  have  broad  rounded  spikes  which  peak  at 
harmonics  of  the  blade  passing  frequency.  The  ratio  of  the  length  scale  of  turbulence 
to  the  spacing  between  the  blades  is  a  significant  parameter  In  his  analysis.  As  this 
ratio  increases  above  roughly  unity,  the  shape  of  the  spectrum  is  changed  little  but 
the  level  decreases.  As  this  ratio  decreases  below  roughly  unity  the  spectrum 
becomes  smooth  and  the  peaks  at  harmonics  of  the  blade  passing  frequency  disaopear. 
Extensive  data  on  atmospheric  turbulence,  in  the  form  of  power  spectral  density  plots, 
show  that  turbulence  power  varies  as  the  5/3  or  large  power  of  wavelength  in  the  range 
of  wavelengths  of  significance  here.  Also,  the  wavelength  for  maximum  energy 
decreases  as  the  ground  is  approached.  Therefore,  turbulence  may  be  present  with 
the  length  scale  required  to  produce  the  peak  in  the  spectrum  predicted  by  Mr.  Mani. 
deducing  the  number  of  blades  in  order  to  increase  the  ratio  of  turbulence  scale  length 
to  distance  between  blades  may  not  reduce  the  noise  levels  as  much  as  predicted 
because  the  turbulent  energy  at  large  scale  lengths  is  greater.  This  was,  in  part, 
confirmed  during  the  last  test  at  Hamilton  Standard  which  showed  that  the  shape  of  the 
noise  spectrum  from  a  propeller  with  two  blades  removed  is  not  significantly  differ¬ 
ent  from  that  of  the  basic  four-bladed  configuration  even  though  the  spacing  between 
blades  is  more  than  doubled. 

Griffiths  studied  the  spectrum  of  compressor  noise  due  to  small  random 
fluctuations  in  the  amplitude  and  phase  of  the  acoustic  disturbances.  The  noise,  which 
he  calls  "narrow -band  random  noise"  has  a  frequency  spectrum  similar  to  that  between 
200  Hz  and  500  Hz  shown  in  Figure  19. 

Studies  of  propulsion  noise  in  the  last  decade  have  concentrated  on  com¬ 
pressor  and  jet  noise.  The  test  data  obtained  in  this  program  show  that  the  conven¬ 
tional  sources  of  propeller  noise  do  not  explain  the  observed  sound  patterns.  The 
theoretical  concepts  which  have  been  developed  recently  for  compressors  appear  to 
be  able  to  explain  the  observed  characteristics  of  propeller  noise.  Therefore,  these 
theories  should  be  applied  to  propellers  and  developed  into  a  useable  form.  It  is 
anticipated  that  a  unified  theory  can  be  developed  to  predict  both  the  harmonic  noise  and 
the  broad -band  noise. 

3.  BROAD-BAND  NOISE 

The  1/3 -octave  band  noise  data  were  obtained  in  this  program  primarily  to  deter¬ 
mine  empirically  the  best  values  of  the  coefficients  in  the  new  method  for  predicting 
broad-band  vortex  noise  developed  in  this  program.  The  three  coefficients  are  a 


118 


1 1  1 1 1  t  |  ,  a  :  ■vqucncv  eoeftn  tent  *  ,  and  a  Reynolds  .tumbii  cxpotu  nt. 
its  »  ■ \  aloes  at  these  three  coefficients  arc  h.  o  ,  0.  or»  an<i  l.b,  ri’spn 
I  n  «  U  . 

I'H'.imv  .'hi  i  a  pint  of  vortex  nois"  SPI,  versus  rpm ,  or  up  speed.  The  first 
attempt  a!  a  correlation  between  theory  and  data  did  not  include  any  Reynolds  number 
term  m  the  theory.  Predicted  levels  for  a  zero  exponent,  thereby  excluding  any 
Reynolds  number  factor,  are  shown  by  square  symbols.  The  relative  levels  of  these 
symbols  is  not  significant  because  the  other  2  coefficients  used  were  selected  to 
correlate  with  the  data  using  an  exponent  of  1.0,  However,  it  is  apparent  that  the 
predicted  variation  in  noise  \yith  rpm  shown  by  the  squares  does  not  match  the  data. 
The  measured  variation  is  more  like  V'f  than  V*‘  predicted  by  Yudin  H**)  or 
predicted  by  Sharland  for  vortex  noise.  Therefore,  a  Reynolds  number  term 
was  included  in  F.q.  (45)  for  tile  force  and  an  exponent  of  -1  selected.  Correlation  with 
data  shown  by  the  triangles  in  Figure  d<)  demonstrates  the  value  of  this  choice.  Data 
from  tin1  I7X-151  blades,  which  arc  about  half  as  wide  as  the  47X-464  blades  and, 
therefore,  have  half  the  Reynolds  number,  confirm  this  selection  of  the  exponent. 

The  overall  noise  level  in  the  seven  1  d-octave  bands  from  250  Hz.  to  1000  Ilz.  was 
selected  as  the  noise  parameter  in  Figure  50  because  studies  showed  that  the  broad¬ 
band  noise  is  most  likely  to  be  detected  in  this  range  of  frequencies.  The  level  of 
broad-band  noise  generally  decreases  outside  this  range  and  the  aural  detectability 
criteria  (see  Table  HD  are  generally  less  critical  outside  this  range. 

A  change  in  the  t'r<  nun  coefficient  shifts  the  predicted  frequency  spectrum 
along  the  frequency  axis.  The  recommended  coefficient  of  .00  is  near  that  obtained  by 
Oman  and  Magnus  (52),  ,-\  change  in  either  the  force  or  frequency  coefficient  changes 

the  sound  pressure  level,  since  the  sound  pressure  is  proportional  to  both  coefficients. 

Figure  dl  presents  a  comparison  betyveen  measured  and  theoretical  i  di-octave 
band  spectra  at  tip  speeds  of  150  and  d5d  tps.  The  effects  of  increased  Up  speed  are 
to  increase  both  the  measured  and  predicted  noise  levels  and  to  displace  the  predicted 
sp,",,ra  towards  higher  frequencies.  'The  measured  noise  data  slums  considerable 
uncyeness  in  contrast  to  the  smooth  curves  of  the  two  predictions.  The  Orel  option 
predict  ion  is  somewhtat  more  peaky  and  does  not  fall  off  as  rapidly  at  the  highest 
•  requeneies.  The  spectra  predicted  by  option  1,  the  new  method,  appear  to  correlate 
more  closely  witJi  the  data  shown  at  the  more  significant  middle  frequencies  than  the 
.  pcctra  predicted  In  option  ,'i.  'The  third  vortex  noise  option  method  is  based  on  data 
from  a  propeller  with  blades  like  the  47X-404  blades  tested  in  the  first  test  period. 
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Effect  of  RPM  on  Propeller  Broad-Band  Spectrum 


Finn iv  32  presents  a  comparison  between  measured  and  theoretical  directivity 
patterns  of  broad-band  noise  for  two  propeller  configurations  operating  at  a  Lip  speed 
of  200  fps.  The  noise  level  shown  is  the  overall  SPL  in  the  bands  from  200  to  1000  II/.. 
Although  there  is  some  apparent  scatter,  the  agreement  between  the  predicted  and 
measured  noise  levels  is  good  for  both  propellers. 

Figures  20  to  32  are  a  small  sample  illustrating  the  ability  of  vortex  noise 
option  1  of  the  propeller  noise  detectability  program  to  predict,  the  measured  noise 
data.  In  order  to  better  evaluate  the  accuracy  of  the  predicted  noise  levels,  (>54 
individual  1  /3-octave  band  levels  were  compared.  The  probability  distribution  of 
the  errors  in  the  predicted  levels  is  shown  in  Figure  33.  The  average  error  is  nearly 
zero,  demonstrating  that  the  coefficients  recommended  are  satisfactory.  The  standard 
deviation  of  5.2  dB  is  largely  due  to  an  apparently  random  unevenness  in  the  measured 
1 /3-octave  band  data,  as  shown  in  Figure  3j.  A  detailed  study  of  the  eri'orc  might 
reveal  some  trends  with  blade  angle,  rpm,  microphone  location,  propeller  configura¬ 
tion,  and  band-center  frequency  which  would  permit  a  reduction  in  the  errors. 


t 
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Figure  33.  Probability  Distribution  of  Errors  in  Predicted 
1/3 -Octave  Band  SPL 
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SECTION  VIII 


PROPELLER  NOISE  DETECTABILITY  COMPUTER  PROGRAM 


1.  INTRODUCTION 

The  prime  objective  of  the  contract  was  to  develop  a  computerized  propeller 
design  technique  which  would  predict  propeller  performance  as  well  as  predict  pro¬ 
peller  harmonic  and  broad-band  noise  levels  and  compare  these  levels  with  a  selected 
aural  detectability  criterion  to  determine  minimum  undetectable  flight  altitude.  This 
technique  consists  of  two  parts:  a  propeller  performance  program  and  a  propeller 
noise  detectability  program  which  is  called  by  the  propeller  performance  program. 
The  propeller  performance  program  was  developed  by  Hamilton  Standard  and  made 
available  to  the  Air  Force  Aero  Propulsion  Laboratory. 

The  propeller  noise  detectability  program  was  written  as  ten  subroutines  and 
debugged  as  part  of  this  contract.  A  detailed  discussion  of  the  program  and  how  to 
use  it  are  provided  in  the  user's  manual  @7)  This  report  includes  a  general  discus¬ 
sion  of  the  major  options  available  to  the  user  and  a  demonstration  of  the  program 
capabilities  by  four  sample  oases  in  the  following  two  sections. 

2.  CALCULATION  OPTIONS 

In  order  to  enhance  the  value  of  propeller  noise  detectability  computer  program 
to  the  user,  a  number  of  input  and  calculation  options  have  been  provided.  These 
options  are  described  in  detail  in  the  user's  manual  The  6  most  important 

options  are  also  described  here.  The  input  to  the  program  is  summarized  in 
Figure  34,  which  presents  a  capsuled  outline  of  all  the  options  and  their  significance. 
This  figure  should  be  consulted  in  connection  with  the  following  discussion.  Several 
of  the  options  and  input  parameters  were  used  for  developing  the  program  and  their 
use  for  production  runs  is  not  recommended. 

The  input  format  was  selected  so  that  options  most  likely  to  be  desired  and 
recommended  values  of  parameters  will  be  used  by  punching  a  "0."  in  the  appropriate 
field  of  the  input  data  card  or  by  leaving  this  field  blank.  The  consequences  of  this 
possible  simplification  in  input  card  punching  are  demonstrated  by  the  fourth  sample 
case.  In  Figure  34  a  "  means  any  nonzero  negative  number  (e.g..  "-1.")  is 
punched  anil  a  means  any  nonzero  positive  number  (e.g.  "1.")  is  punched  in  the 
columns  indicated. 

The  first  major  option  described  here  is  the  calculation  type  option  controlled  by 
columns  25  to  30  of  input  card  14.  This  option  also  controls  the  significance  of  the 


jAMPi  t.  INPi.il  CAWQN  .  Aul  ARjMoL^w  '  L.  LIGHT  OF  COLUMN  t.  HAVE  decimal  POINT 
.K.  AN«  t  WuIvALLNt  TO  O  • 

•-OLS  CAR...  |  4  ,  [J!.  JU1«LD  FOR  F  l»£  T  CAat  AND  « HENf  \,  H  R  CHANGED  *  COLS.  13-7?  MAY 

(if.  BLANK  )F  NOISE  NOT  CALCULATED 
2-3  1  4 

n-|H  LARGEST  HARMON J  C  NuMbEH  REQUIRED  .  0.  OH  BLANK  EQUIVALENT  TO  1  .  .  PROGRAM 

l|m  1Tb  TO  max  Or  5u.  .  PROGRAM  «  I  LI.  CONTINUE  UNTIL  HARMONIC  FREQUENCY 

i.AClxD'j  A  U.1M|T  FRl  PHOvlDtU  l-Y  tONl  AuHAl  DETECTABILITY  SUBROUTINE 
T Out.  T N  lR  COMPUTED  HARMONIC  kV.EH  IN  COLS.  19-24  OF  THIS  CARO 
|  .-DA  ;  AHUL  :>  T  HAP'LNlC  NUMBER  PERMITTEE  .  NUMBER  LESS  THAN  IN  COLS.  13—18  OF 

T  N  I  CARD  EQUIVALENT  TO  NUMsLw  IN  COLS,  t  3- 1  B  «  PROGRAM  LIMITS  TO  M.lYlTiv 
OF  DO. 

25-30  CALCULATION  TYPE  OPTION 

*  -  CALCULATE  NOISE  and  DETECTABILITY  w l TH  X-Y  I NPUT 

-  -  CALCULATE  NOISE  and  DETECTABILITY  WITH  X-Y  INPUT  .  VARY  X  UNTIL  FOuNt.i 

MINIMUM  UNUlTECTABlL  y 

=  +  CALCULATE  NOISE  and  DETECTABILITY  WITH  ANGLE ~D I  ST ANCE  INPUT 
31-36  PRINTING  OPTION 

r  -  MAX..  PRINT  CONDITION,  HARMONIC  NOISE  AND  PRESSURE  COMPONENTS.  VOR n  '< 
NOISE,  MINIMUM  UNDETECTABLE  VALUES  OF  Y 
=  L  PRINT  CONDITION.  HARMONIC  AND  VORTEX  NOISE.  MINIMUM  UNDETECT  ABl  t  v 
=  +  MIN..  PRINT  condition.  MINIMUM  undetectable  VALUE  OF  Y 
J7-42  INITIAL  value  OF  X  (DISTANCE  FORWARD  FROM  PROPELLER  PLANE.  FT >  TO  FIELD 

point  if  cols.  2&-30  of  this  card  =  -  or  o.  .  otherwise 

INITIAL  ANGLE  (FROM  FORWARD  AXIS.  DEG)  TO  FIELD  POINT  IF  COLS.  25-3C  =  * 

A  3 - 4  0  INCRLMtNT  in  X  OR  ANGLE  .  IF  COLS.  2&-3C  OF  THIS  CARD  =0.  PROGRAM  WILL 
REPLACE  0,  BY  SUITABLE  VALUE 

4R-j4  NUMBER  OF  VALUES  OF  X  OR  ANGLE  TO  CALCULATE  NOISE  FOR  .  IF  COLS.  25-30  OF 
THIS  CARO  *  0,  PROGRAM  REPLACtS  BY  20.  IF  UNDER  20.  .  0.  OR  BLANK 

EQUIVALENT  TO  1. 

B -  6 u  INITIAL  VALUE  OF  Y  (DISTANCE  FROM  PROPELLER  AXIS.  FT)  TO  FIELD  POINT  IF 
kOLS.  25-30  OF  THIS  CARD  s  -  OR  0.  .  OTHERWISE 
INITIAL  DISTANCE  (FT)  CENTER  OF  PROPELLER  TO  FIELD  POINT  IF  C0LS*25“30  -  ( 
01-60  INCREMENT  IN  Y  OR  DISTANCE 

S7-72  NUMBER  of  VALUES  Of  Y  OR  DISTANCE  TO  CALCULATE  NOISE  FOR  .  BLANK  OP  0. 
EQUIVALENT  TO  1. 

COLS  CARD  15  .  REQUIRED  FOR  FIRST  CASE  AND  WHENEVER  CHANGED 

2-3  1  5 

13-72  10  VALUES  OF  THICKNESS  NOISE  DOUBLET  STRENGTH  PROPORTIONALITY  FACTOR  K 

CORRESPONDING  TO  10  GAUSS  STATIONS  OF  CARD  A  .  IF  *  0.  PROGRAM  USES  AREA 
FORMULA  TO  CALCULATE  FACTOR  FOR  AIRFOIL  NUMBERS  l.«  2..  3..  7,.  8..  AND 
14.  (CARO  B) 

COLS  CARC  26  FOu.OwjNG  CARD  24  IF  NOISE  CALCULATION  REQUIRED 
2-3  26 

13- IQ  NUMBER  OF  PROPELLERS  .  PROGRAM  REPLACES  O.  OR  BLANK  BY  1. 

19-24  VORTEX  NO  1 SE  CALCULATION  OPTION 

=  BLANK,  O.  OR  1.  .  USE  VORTEX  NOISE  CALCULATION  DEVELOPED  UNDER  THIS 

CONTRACT 

=  2.  USE  HSD  VORTEX  NOISE  CALCULATION  DATED  3/69 
=  3.  USE  H<^o  VORTEx  NOISE  CALCULATION  DATED  7/69 
25-30  AURAL  DLTLCTAB IL I TY  OPTION 

=  BLANK  .  o.  OR  1,  FOR  NIGHTTIME  JUNGLE 
=  2.  FOR  OAyTImE  JUNGLE 
31-36  PROPELLER  LOADING  OPTION 

=  BLANK  OR  0.  ,  USE  MAIN  PERFORMANCE  PROGRAM  VALUES 

=  +  .  USE  ALPHA, BETA, THETA, CL3.DCP/DX.DCT/DX.CTA  AND  CPA  READ  FROM  7 

CAROS 


Figure  34.  Summary  of  Input  Dal  i  '■  r  Propeller  Noise  Detectability  Program 
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37-4..  NLAW-  "G  I  AP-f  |LlU  C  AU'UUAT  I  ON  UF  HARMONIC  NO  1  SI-  OPTION 
=  -  MUST  USF  UW-I  ILLU  CALCULATION  (  AZ  I  POINTS  AS  O.) 

=  ■■  USE  FAR-f  |<  LO  CALCULATION  ONL  V  IF  FIELD  POINT  OVLR  <j  DIAMETERS  AWAY 

-  .  MUST  USE  N|  AH-I '111.0  CALCULATION  .  IF  UVfE  50.  CONTROLS  NUMBER  OF 

CIRCUMFERENTIAL  ST  I  PS  (  A  I  ) 

A  L  AH  ATMOSPHERIC  SOuND  ABSORPTION  OPTION 

Rl  AO  30  V  At  Ul  S  OK  ADSORPTION  ON  CARDS  39  AND  30  FOR  EACH  OPF  RATI  NO 

CONI)  I  T  I  ON 

-  O  Ur )  STORE l  VALUt'E  I  OP  70PC  T  H(.|M  I  U I  T  Y  .  77  DEG  F 

♦  PERCENT  RELATIVE  HUMIDITY  ,  USE  WITH  C.OLSo  49- jA  OF  THIS  CARD  TO 
COMPUTE.  ABSORPTION  FROM  LUUAT10NS  IN  PROPOSED  RE.  V  I  G  F  ON  TO  ARP  fact 
A9-‘jA  USI  U  IF  COLS*  43-40  OF  This  CARu  =  ♦  ,  TEMPERATURE 

=  >  UiL  TEMPLE  A TuRE  FROM  COLS.  31 -36  OF  CONDITION  CARD  BETWEEN  CARDS  2  3 

AND  24 

NOT  =  ^  .  aVLRaOL  tempi.  Nature  <  DEG  F)  FOR  CALCULATION  OF  ABSORPTION 

00-6.)  USED  IF  COLS  •  10-24  OF  THIS  CARO  =  0 .  OR  1  .  OR  BLANK 

r  FORCE  FACTOR  FOR  vORTLx  NOISE  .  0.  OR  BLANK  REPLACED  BY  B. 

61-61-  USED  IF  COLs*  1  9-c4  UK  THIS  CARU  =  0 .  OR  I .  OR  BLANK 

-  FREQUENCY  FACTOR  FOR  VORTEX  NOISE  .  O.  OP  BLANK  REPLACED  BY  . C6 

67  72  USED  IF  COLS.  )  O  24  OF  THIS  CARD  =  0.  OR  1.  OR  BLANK 

-  REYNOLDS  NUMBER  EXPONENT  FuR  VORTEX  NOISE  .  0.  REPLACED  BY  -J, 

COL!  CARD  27  FOLLOWING  CARD  26 
2  -  3  7  7 

|  3  -  I  B  (  MP I  R  I C  AL  JNCRfMENT  TU  AUO  TO  THEORETICAL  HARMONIC.  SPL  .  DB 
19-74  .  u«  .  CALCULATE  OvLRTONl.S  IN  SAME  WAY  AS  FijNDAMENTAL  TONE  .GPL 

NOT  u.  .DO  NOT  USE  THEORY  FOR  OVERTONES  «  EQUALS  INCREMENT  IN  SPL 
BETWEEN  Sued  ■:  I  VI  TONE1;.  <  DH 

25-  .(>.■  EMPIRICAL  AE.  JU  • ,  f  Mi.n  T  TO  vORTEx  NOISE  IN  PROPELLER  PLANE  .  USED  IF  COl_S* 
10-24  OF  CARD  ,6  =  n.  OR  1.  ,  Db  .  RECOMMCnD  0. 

31-36  RATIO  OF  F|PST  -ORDER  HARMON  I C  LOADS  TO  sTlAQY  (ZERO-ORDER)  LOADS  • 
EMPIRICAL  FACTOR  TO  ADJUST  HARMONIC  NOISE  LEVELS,  .  RECOMMEND 
•  HO  /  NgMqE R  OF  BLADES 

(7-42  EXPONENT  OF  LOAD  ORDER  USED  W I TH  PRECEDING  RATIO  TO  CALCULATE 
HARMONIL  LOAD'-  .  PROGRAM  c,LTS  TO  1.43  IF  0.  LOADED 

COL  ,  CARU  aa  .  RLUUIRL  ONE  for  EACH  CONDITION  CARD  ONL Y  IF  COLS.  43-40  OF  CARD 
26  -  -  .  FIRST  CARD  28  FOLLOWS  CARO  27 

2-  )  2  0 

6-7.  13  VALUES  OF  ATMOSPHERIC  SOuND  ABSORPTION  (DB/IGOCFTI  IN  1/3-OCTAVf  BANDS 
START  |  NO  WITH  1.6-HZ  11AND  AND  ENDING  WITH  -HZ  BAND  .  FORMAT  FS.? 

COLD  CARD  24  .  FOLLOWS  EACH  CARD  2b 
3-3  7  u 

6-7.  13  VALUES  OF  AlMOsPHt.RIC  ..OVNU  ABSORPTION  <DeF1000FT>  IN  J/3-0CTAVL  BANDS 

START  I  NO  WITH  31.U-H/  tj  AND  AND  lNDING  WITH  50C-HZ  BAND 

L  OL  CARD  30  .  rOLLOWS  EACH  CARD  29 

2-T  3  0 

6-7./  13  VALUES  OF  ATMOSPHERIC  SOUND  ABSORPTION  « 00/ l OOOFT >  IN  1/3-OCTAVE  BANDS 

STARTING  WITH  63U-MZ  UANO  AND  ENDING  WITH  ]OQOO-HZ  BAND 

i.uL  7  CARDS  REQUIRED  FOR  EACH  CONDITION  CARD  IF  COLS.  3  1  -  3b  OF  CARD  26  =-  ♦  . 

K  IRsT  OF  THESE  7  CARDS  FOLLOWS  CARD  27  OR  CARD  30  IF  PRESENT  .  FORMAT 
F6.G 

13-77  1  w  VALUES  OK  ALPHA  .  Dt.o  .  ON  FIRST  CARD  »  CORRESPONDING  TO  GAUSS  STATIONS 

OF  CARD  4 

13-72  lu  VALUES  OF  BETA  .  DEG  .  ON  SI COND  CARD 

13-72  Iv  VALUES  OF  TMLTA  ,  U'-G  ,  ON  THIRD  CARD 

13-72  I  1,  VALUES  OF  Cl  .3  ON  K  OuRTKj  CARD 


Figure  34.  —  Continued 
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Figure  34.  —  Concluded 


numbers  describing  the  locations  of  the  field  points  which  arc  also  read  from  card  Id. 
II  this  option  control  is  a  nonzero  negative  number  the  program  will  interpret  these 
numbers  as  out-of-plane  distances  (X)  and  away-from-axis  distances  (Y)  and  calculate 
propeller  noise  and  aural  detectability  at  a  series  of  field  points  defined  by  a  rectan¬ 
gular  matrix  in  X-Y  coordinates.  If,  on  the  other  hand,  the  option  control  is  a  nonzero 
positive  number  the  program  will  interpret  the  input  ordinates  as  angles  from  the 
axis  (\jj)  and  distances  (d)  to  the  field  point  and  calculate  noise  and  detectability  at  a 
series  of  field  points  defined  by  a  rectangular  matrix  ini/'-d  coordinates.  For  the 
third  calculation  option,  selected  if  the  control  is  a  zero,  the  program  will  calculate 
minimum  undetectable  altitude.  The  undetectable  altitude  is  calculated  for  enough 
values  of  X  at  the  given  Y  to  be  able  to  interpolate  for  the  largest  value,  the  minimum 
altitude  above  the  observer  at  which  the  propeller  noise  would  not  be  heard.  The 
three  calculation  type  options  are  represented  in  the  sample  eases  of  Figure  3(5  dis¬ 
cussed  in  the  next  section. 

Another  major  option  is  the  selection  of  the  aural  detectability  criterion  against 
which  (lie  predicted  propeller  noise  levels  are  compared  to  determine  minimum 
undetectable  altitude.  The  option  is  controlled  by  the  number  punched  in  columns  25 
to  30  of  card  20.  The  two  available  criteria  are  discussed  in  Section  II. 

The  harmonic  loading  and  thiekness  rotational  noise  levels  may  be  calculated  by 
either  the  near-field  procedure,  based  on  Eqs.  (3)  and  (4),  or  the  tar-field  procedure, 
based  on  Eqs.  (5)  and  ((>).  It  is  recommended  that  (lie  control  code,  punched  in 
columns  37  to  42  of  card  26,  be  zero,  thereby  letting  the  computer  program  select 
the  far-field  procedure  whenever  it  is  warranted. 

The  harmonic  load  noise  calculated  from  Eq,  (3)  or  (5)  is  less  than  the  rotational 
noise  measured  during  the  test  program.  The  addition  of  harmonic  loads  is  shown  in 
Section  VII. 2. b  to  make  a  significan*  improvement  in  agreement  with  the  data  at  the 
higher  harmonics,  which  are  most  significant  in  terms  of  aural  detectability.  A 
correlation  of  harmonic  loads  is  presented  in  Figure  28.  It  is  recommended  that  this 
correlation  be  used.  Therefore,  a  number  equal  to  (0.86/number  of  blades)  should  be 
punched  in  columns  31-36  of  card  27  to  include  harmonic  loads  in  the  calculation  of 
harmonic  noise.  Harmonic  loads  will  not  be  included  in  the  calculation  of  harmonic 
loading  noise  of  this  field  is  0.  or  blank. 

The  last  option  discussed  here,  the  selection  of  a  method  of  predicting  broad¬ 
band  noise,  is  controlled  by  the  number  punched  in  columns  19-24  of  card  26. 

Options  2  and  3  are  the  two  methods  developed  by  Hamilton  Standard  in  1969  and 
described  in  Section  V.  2.  Option  1.  for  0.)  is  the  new  method  whose  development  is 
presen'ed  in  Section  V.3.  The  3  empirical  coefficients  in  it,  selected  to  correlate 
with  the  test  data  obtained  under  this  contract,  will  be  used  unless  other  coefficients 
are  read  from  columns  55-72  of  card  26. 
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A  discussion  of  all  ilu-  input  data  required  by  the  propeller  noise  detectability 
program  is  shown  in  Figure  34  and  is  presented  in  detail  in  the  user's  manual 

:i.  SAMP  Id-'.  CASKS 

In  order  to  illustrate  tlu-  results  which  are  produced  by  the  propeller  noise  detec¬ 
tability  program,  several  sample  cases  were  prepared.  The  input  data  required  for 
each  ease  and  the  resulting  printed  output  obtained  are  discussed  in  this  section.  The 
sample  eases  were  selected  to  demonstrate  the  versatility  of  the  program  and  its  use 
for  representative  types  of  calculation. 

Figure  35  is  a  listing  of  the  input  cards  for  the  four  sample  cases  whose  computer 
output  is  presented  in  Figure  1K>.  The  first  case  demonstrates  the  use  of  several 
options  which  would  not  be  employed  normally.  The  input  is  discussed  in  the  following 
table. 

Card  Input 

11  Compute  at  least  2,  but  no  more  than  4  harmonics. 

Field  point  locations  are  punched  in  angle-distance  coordinates. 

Maximum  printing  option  selected. 

4  field  points  at  105°  and  120°  and  distances  of  7  5  and  150  ft. 

15  Thickness  noise  doublet  strength  proportionality  factors  are 

loaded. 

2.1  One  performance  condition,  static. 

2  1  SUP  input. 

2(1  One  propeller. 

Vortex  noise  option  1. 

Daytime  jungle  aural  detectability  option  2. 

Read  propeller  loading  data  after  card  30. 

Use  near-field  harmonic  noise  option. 

Read  atmospheric  sound  absorption  coefficients  from  cards  28, 

29  and  30. 

Tc  calculate  broad-band  noise  use  force  factor  of  8.0.  frequency 
factor  of  0.6.  and  a  Reynold's  number  exponent  of  -1. 

27  Add  an  empirical  correction  of  3  dB  to  the  harmonic  noise 

levels. 

The  second  sample  case,  for  which  the  input  cards  are  listed  in  Figure  35.  is  for 
a  different  propeller  configuration  so  that  new  cards  4  to  12  are  required.  Other 
features  of  the  input  are  discussed  in  the  following  table: 
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Card 


Inpul 


1- 1  Compute  at  least  1.  hut  no  more  than  f>  harmonies. 

Field  point  locations  punched  in  X-Y  coordinates, 

three  field  points  located  at  X  -.‘$00,  0  and  K'iOO  ft  and  Y 
lf>00  ft. 

15  I’se  area  formula  for  thickness  noise  doublet  strength  propor- 

tionalitv  factors. 

2<>  Two  propellers. 

Vortex  noise  option  .$. 

Nighttime  jungle  aural  detectability  option  1. 

Use  propeller  performance  program  values. 

Use  far-field  harmonic  noise  option. 

Calculate  atmospheric  sound  absorption  coefficients  for  80% 
relative  humidity  and  90° F. 

27  Calculate  harmonic  rotational  noise  with  no  empirical  adjust¬ 

ment  of  the  fundamental  and  a  -6  dB  rolloff.  That  is,  each 
harmonic  SPL  is  6  dB  less  than  the  SPL  of  the  next  lower 
harmonic.  Include  a  harmonic  loading  of  0.215/A**^  ir. 
calculating  the  fend  s  mental  loading  noise. 

The  third  sample  case  illustrates  a  representative  case  in  which  the  minimum 
altitude  at  which  the  aircraft  can  fly  overhead  without  the  propeller  noise  being 
delected  is  computed.  Features  of  the  input  for  this  case  are: 

Curd  Input 

H  Compute  no  more  than  10  harmonics. 

Vary  X  with  increments  of  150  ft  at  Y  -  1500  ft  to  find  minimum 
undetectable  altitude. 

2- 1  Thrust  rather  than  BHP  is  read  from  the  preceding  card. 

2<>  One  propeller. 

Vortex  noise  option  0.  with  recommended  coefficients. 

Program  selects  near-or  far-field  option. 

Use  stored  values  of  atmospheric  sound  absorption  coefficients 
for  70%  relative  humidity  and  77°F. 

27  Do  not  use*  an  empirical  increment,  rolloff  or  harmonic  loadings 

to  compute  harmonic  rotational  noise. 

As  discussed  previously,  it  is  not  necessary  to  punch  a  "0."  since  a  blank  will  be 
interpreted  as  a  zero.  Also,  for  most  cases  several  input  fields  may  In*  left  blank 
because  the  noise  program  will  replace  the  zero  read  by  the  propel-  value.  For 
example,  the  program  will  change  a  0.  read  as  the  number  of  propellers  in  columns 
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12  I''  >>f  i’  u'vI  2G  in  a  1.  Therefore,  many  of  l ho  fields  punched  in  curds  14,  '.’ll  and  2V 
vi  sample  I'asc  :i  may  hi>  loft  blank  without  changing  tin1  result s  obtained  from  Iho 
noon  |ir.i;'jam,  1'he  fourth  sample  ease  is  included  to  demonstrate  this  simplilication 
in  input  raid  punching  which  is  possildc  if  tin  ivominu'itili'd  options  and  input 
coefficients  arc  to  he  used.  This  sample  case  ■•forms  the  same  calculations  as  the 
third  sample  case.  The  only  difference  is  in  the  printed  output  which  is  minimized  in 
the  fourth  sample  case  by  punching  a  "1.”  in  columns  31-36  of  card  14.  A  25  curd 
follows  the  27  card  because  sample  case  4  is  the  last  case. 

The  four  sample  cases  for  which  the  input  cards  are  listed  in  Figure  35,  were 
run  on  the  FAC  UNIVAC  1108  computer  and  they  produced  the  printed  output  shown 
in  Figure  lit!. 

The  printed  output  of  the  propeller  noise  detectability  program  follows  the  output 
of  the  propeller  performance  program  and  begins  with  the  heading  "Computerized 
Propeller  Design  Technique  Program  Written  by  Hamilton  Standard  Under  Contract 
No.  Flint;  15-7 0-C- 1583  for  Aero  Prop.  Lab".  The  next  three  lines  list  the  10  thick¬ 
ness  noise  doublet  strength  proportionality  factors  used  and  the  20  (only  the  first  15 
ire  used)  parameters  read  from  cards  2(1  and  27.  For  the  first  sample  case,  the 
i>ei  fonnanee  data  loaded  from  the  7  cards  following  card  30  are  printed  next.  Conse¬ 
quently  the  initial  horsepower  at  GOO  shown  on  the  first  page  of  Figure  36  is  replaced 
by  a  value  of  G50.2  printed  on  the  second  page.  Any  alterations  made  by  the  program 
in  the  numbers  loaded  have  been  made  before  printing.  The  rotational  noise  option 
used  is  shown  by  the  number  in  the  column  headed  "AZ1":  a  "0."  indicates  that  the 
fat  -field  approximation  is  used,  a  number  "100."  or  larger  indicates  that  the  near- 
liciil  calculation  is  used,  and  a  "-1."  indicates  a  specified  rolloff  loaded  from  columns 
lo-2  1  of  card  27  is  used.  The  first  sample  case  includes  extra  printing  which  would 
no!  normally  be  required.  The  vector  components  of  the  loading  and  thickness  noise 
pressures  are  printed  for  each  noise  harmonic.  After  the  last  set  of  these  pressure 
components,  but  before  the  harmonic  noise  summation,  Urn  lines  of  data  j’elaling  to 
vortex  noise  are  printed  if  vortex  noise  option  1  is  selected.  The  columns  are,  in 
order  from  the  left,  an  index,  radius,  blade  thickness,  blade  chord,  sectional  velocity, 
force  per  foot  radial  increment,  frequency,  and  a  parameter  proportional  to  sound 
power. 

The  rest  of  the  output  for  the  cases  in  Figure  36  is  self  explanatory. 

Because  of  the  several  options  available  a  very  large  number  of  combinations  are 
possible.  It  is  obviously  impractical  to  demonstrate  all  of  these  combinations.  How¬ 
ever,  the  casus  selected  are  believed  to  be  representative  and  to  demonstrate  the 
major  options  available.  For  production  runs  to  determine  the  minimum  undetectable 
flight  altitude  of  a  propeller,  it  is  recommended  that  the  input  be  in  the  form  of  the 
fourth  sample  case  in  Figure  35.  Only  one  change  is  suggested:  harmonic  loads 
should  be  included  by  punching  0.86/number  of  blades  in  columns  31-36  of  card  27 . 
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Figure-  36.  - Continued 
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Figure  36.  - Continued 


S*MPlE  CASS.  2  ,  NORMAL  DATA  LOAD  AND  PRINT  .  X-Y  wOCATlONS  ,  Z  PPOPS 
LOAD  HAR-GnICS  ♦  POlLDFF  .  CALCULATE  ABSORPTION  .  PAP-FIELD  .  4.N.3 

blades  af  cli  oia,  s. Co. p. pec. shroud 
SAMPlE  PROPELLER  C0NFI6.  B  4.0  213.6  .536  11.25  .176  -.000  -.00 
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MlNl*«U«  UNO£TtCT*bLE  T=  817.  FT  AT  X=  .0  FT 


UNDETECTABLE  Y=  736.  FT  AT  X=  -300.0  FT 


SAMPLE  CASE  3  #  DETECTABILITY  PlTBT  .  THRUST  IHPUT 
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Figure  36.  —  Continued 
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Figure  36.  - Continued 
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Figure  36.  ---  Continued 


1  S*WPLE  CASE  4  ,  SAME  AS  CASE  1  EXCEPT  UNNECESSARY  PUNCHING  OF  INPUT 

2  CAROS  OMITTED  ,  LAST  CASE  .  MINIMUM  PRINTING 

BLADES  AF  CLI  DU.  S.CQ.P.REC.SHROUO 
J  sample  PROPELLER  CONFIG.  B  4.0  213.8  .518  11.25  .176  -.000  -.00 
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MINIMUM  UNDETECTABLE  T  =  6905.  FT  AT  ANGLE=  90.0  DEG 

PROPELLER  UNDETECTABLE  above  rz  6925,  FT 


Tlu*  propeller  performance  should  he  computed  for  a  pressure  altitude  which  is  the 
sum  of  the  observer  altitude  and  the  expe'cted  minimum  undetectable  altitude  above 
die  observer. 

The  computer  outputs  shown  in  Figure  'M  were  obtained  from  a  UNIVAC  1108 
computer.  The  output  on  another  computer,  such  as  the  CDC  (5600,  will  not  he  identi 
cal  to  that  in  Figure  :u>  because  of  differences  in  word  length.  However,  these 
differences  are  not  expected  to  be  significant  to  the  user. 
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SECTION  IX 

PROPELLER  NOISE  DETECTABILITY  TREND  STUDY 


1.  INTRODUCTION 

The  major  purpose  of  this  contract  is  to  develop  a  computer  program  which  would 
predict  propeller  noise  and  compare  the  predicted  noise  spectrum  with  an  aural 
detectability  criteria.  The  program  then  provides  an  estimate  of  the  minimum  flight 
altitude  which  would  avoid  aural  detection. 

With  this  propeller  noise  detectability  program  available,  one  can  investigate 
various  propeller  configurations  and  operating  conditions  to  determine  combinations 
which  will  permit  lower  flight  altitudes  withoui  detection,  A  study  was  made  of  the 
effects  of  several  propeller  configuration  parameters  and  of  tip  velocity  on  minimum 
undetectable  altitude  over  a  jungle  at  night.  An  acceptable  propeller  configuration 
was  required  to  he  able  to  meet  Lhe  following  4  operating  conditions: 


Condition 

Thrust 

Indicated  Airspeed 

Altitude 

1 

1600  lb 

0  knots 

0  ft 

•) 

1300 

50 

0 

3 

250 

120 

10000 

■1 

225 

75 

1500 

Aural  detectability  was  evaluated  only  at  the  last  condition. 

The  results  of  this  study  are  summarized  in  Table  XVII  and  Figure  37 .  The  pro¬ 
peller  rpm  and  blade  angle  are  permitted  to  vary  to  achieve  optimum  performance  at 
each  condition.  Recommended  harmonic  loads  derived  from  data  required  in  this 
program  are  included  in  the  calculations. 

It  should  be  pointed  out  here  that  the  harmonic  load  noise  and  the  broadband  noise 
predictions  used  by  the  propeller  noise  detectability  program  involve  empirical 
coefficients  derived  from  the  data  obtained  for  static  conditions  in  this  program.  The 
accuracy  of  these  coefficients  has  not  been  established  for  flight  conditions  such  as 
number  4  in  the  table  above.  Indeed,  the  two  spectra  in  Figure  29  suggest  that  the  use 
of  static  data  for  predicting  propeller  noise  characteristics  in  flight  may  lead  to  sig¬ 
nificant  errors  in  predicted  minimum  undetectable  altitude. 
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RESULTS  OF  PROPELi.FR  NOISE  DETECTABILITY  TREND  STUDY 


minimum  undetectable  altitude,  ft 


58 


2.  EFFECT  OF  'PIP  SPEED 

As  would  he  expected,  the  minimum  undetectable  altitude  decreases  with  decreas¬ 
ing  tip  speed.  Figure  37  shows  that  the  minimum  undetectable  altitude  decreases 
about  1  tloo  loot  for  a  decrease  of  100  fps  in  tip  speed.  The  minimum  tip  speed  is 
determined  by  the  ability  of  the  propeller  to  produce  the  thrust  of  225  pounds  required 
for  condition  4.  The  horsepower  is  generally  a  minimum  at  a  tip  speed  over  200  fps. 
Therefore,  depending  on  the  tradeoff  between  range  (horsepower)  and  flight  altitude, 
the  tip  speed  should  be  near  200  fps. 

3.  EFFECT  OF  PROPELLER  GEOMETRY 

The  effects  of  four  geometry  parameters  on  minimum  undetectable  altitude  are 
shown  in  Figure  37.  The  top  left  sketch  in  the  figure  shows  that  increasing  propeller 
diameter  from  8  feet  to  11.25  feet  reduces  the  minimum  undetectable  altitude  slightly 
and  permits  a  lower  tip  speed.  The  top  right  sketch  shows  that  increasing  activity 
factor  bv  increasing  the  blade  chord  reduces  the  altitude.  Sketches  of  the  blades  are 
shown  on  the  left  of  Figure  38.  The  bottom  left  sketch  shows  that  increasing  the  num¬ 
ber  of  blades  from  4  to  (>  increases  altitude.  This  change  is  due  to  increased  broad¬ 
band  noise.  A  further  increase  in  altitude  is  shown  if  the  blade  chord  is  reduced  to 
maintain  total  activity  factor.  On  the  other  hand,  if  the  number  of  blades  is  reduced 
from  4  to  3  the  harmonic  loading  noise  increases  considerably  and  increases  the 
minimum  undetectable  altitude.  Therefore,  4  blades  appears  to  be  the  optimum. 

The  effect  of  radial  distribution  of  blade  chord  is  shown  in  the  bottom  right  of 
Figure  37 ,  Sketches  of  the  3  blades  are  presented  on  the  right  of  Figure  38.  The 
A-shaped  blade  configuration  is  quieter  than  the  square-  or  V-shaped  blade  configura¬ 
tions  but  requires  slightly  more  horsepower. 

The  last  two  lines  of  Table  XVII  are  for  two  of  the  propeller  configurations  tested 
during  the  experimental  phase  of  this  contract.  A  study  of  the  test  data  shows  that 
the  broad-band  noise  in  the  250-1000  Hz  range  is  3.4  dB  less  from  the  new  wide 
47X~4(54  blades  than  from  the  narrower  47X-451  blades.  The  predicted  reduction  in 
minimum  undetectable  altitude  shown  in  Table  XVII  is  14%.  It  is  not  known  how  much 
‘>1  the  measured  reduction  in  broad-band  noise  is  due  to  the  change  in  airfoil  family 
I  rum  NACA  04  A  to  (Hi A  and  how  much  is  due  to  the  change  in  planform.  The  computer 
program  evaluates  only  the  latter  change.  However,  it  is  encouraging  that  the 
47X— Ui4  blades,  which  were  designed  to  be  quieter,  are  measured  to  be  quieter. 


159 


-I.  OP  TIMUM  PROPELLER  DESIGN 


The  trends  discussed  in  the  two  preceding  sections  may  serve  as  a  guide  to 
designing  a  quiet  propeller: 

a.  The  propeller  must  be  large  enough  {diameter,  blade  activity  factor,  number 
of  blades)  to  achieve  all  required  operating  conditions. 

b.  Ihe  l:u-gest  diameter  evaluated  is  least,  detectable. 

e.  Detectability  is  reduced  by  increased  blade  activity  factor  (or  chord).  How¬ 
ever  the  weight  increases  with  diameter  and  activity  factor  and,  therefore,  a  complete 
mission  trade-off  study  is  required  to  select  an  optimum  propeller  configuration. 

Of  course  advanced  technology  composite  blades  allow  larger  diameter  designs  to  bo 
used  without  undue  weight  penalty. 

d.  The  tip  speed  in  the  quiet  mode,  condition  4,  should  be  a  minimum  consistent 
with  achieving  the  required  thrust.  A  trade-off  study  to  consider  the  increased  horse¬ 
power  required  at  low  tip  speeds  may  be  required  to  select  an  optimum  tip  speed. 

Also,  a  thrust  margin  is  required  for  flight  safety  reasons. 

e  Four  blades  seems  to  be  optimum.  More  blades  increase  detectability  of 
broad-band  noise  and  fewer  blades  increase  detectability  of  harmonic  noise. 

f.  The  blade  chord  should  decrease  towards  the  tip.  Probably  a  rounded  tip  is 
better  than  the  ”A"  shape  shown  in  Figure  38. 


SECTION  X 


CONCLUSIONS 

The  following  conclusions  were  derived  from  the  analytical  and  experimental 
study  described  in  this  report. 

1.  The  propeller  noise  levels  measured  during  static  tests  conducted  in  this 
study  are  predicted  within  acceptable  accuracy  by  the  propeller  noise  detectability 
computer  program  using  an  experimentally-derived  correlation  of  unsteady  blade 
loads  and  the  vortex  noise  strip-integration  procedure  developed  in  this  study. 

2.  The  presence  of  a  narrow -band  random  noise  source  has  been  revealed  by  a 
detailed  evaluation  of  the  static  test  noise  data.  This  noise  appears  as  broad  peaks  at. 
harmonics  of  the  blade-passing  frequency  and  is  not  explained  by  current  propeller 
noise  theories. 

:i.  Although  no  suitable  low-tip-speed  propeller  data  was  available  during  this 
study  to  show  the  effect  of  forward  speed  on  propeller  noise,  data  from  a  moderately  - 
low- tip- speed  propeller  show  a  significant  reduction  in  mid-frequency  harmonic 
noise  and  in  high-frequency  broad-band  noise  in  forward  flight  compared  to  static 
operation.  Therefore,  the  ability  of  the  propeller  noise  detectability  program  to  pre¬ 
dict  noise  spectra  of  a  flving  quiet  aircraft  with  a  low-tip-speed  propeller  requires 
further  investigation, 

l.  A  trend  study  using  the  propeller  noise  detectability  program  developed  in 
this  study  shows  that  for  minimum  detectability,  a  propeller  must  a)  operate  at  the 
lowest  practicable  tip  speed,  b)  have  a  wide  blade  chord,  c)  have  a  larger  diameter 
than  required  for  performance,  and  d)  have  three  to  five  blades.  A  reduction  in 
broad-band  noise  due  to  an  increase  in  blade  chord  predicted  by  the  new  vortex  noise 
procedure  was  confirmed  experimentally.  A  theoretical  study  of  the  effect  of  airfoil 
shape  indicates  that  little  change  in  vortex  noise  should  be  expected  for  different 
airfoils  with  good  aerodynamic  performance. 


162 


SUCTION  XI 


R  E  COM  M  E  NDATION  S 


As  ;i  result  of  the  study  reported  here,  the  following  recommendations  are  made 

1.  The  effect  of  forward  flight  on  low-lip- speed  propeller  noise  and  on  the 
correlations  between  measurements  and  predictions  by  the  propeller  noise  detecta¬ 
bility  program  should  he  investigated. 

2.  Further  analytical  and  experimental  studies  should  be  undertaken  to  define 
the  sources  of  the  propeller  noise  observed  in  this  study  and  to  develop  the  computer 
program  to  establish  correlation  with  measured  flight  data. 
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APPENDIX  I 


DERIVATIONS  OK  EQUATIONS  FOR  HARMONIC  ROTATIONAL  NOISE 

/  I  U  V 

Kemp  and  Amoldi'  '  derive  and  present  equations  for  the  near-field  pro¬ 
peller  harmonic  loading  sound  pressure.  In  these  equations  (numbers  10  to  13  in 
Ref.  IH)  all  distances  are  nondimens ionalized  by  dividing  by  the  propeller  tip  rad¬ 
ius  I)/2.  Equation  (3)  in  this  report  is  obtained  by  substituting  Equations  (12)  and 
(13)  into  Equation  (10)  and  by  adding  Equations  (10a)  and  (10b)  together.  Also,  the 
following  replacements  are  made  because  of  changes  in  nomenclature: 

1.  Replace  Rt  by  D/2,  s  by  2S/1),  x  by  2X/D,  6  by  b  , 
mRMfc  (Mx+s)//?2  ijy  kn  ,  and  mBM^//?  2  by  kD/2(l-M2). 

2.  The  local  blade  chord  (A  in  Ref,  18)  is  replaced  by  the  projection  .of  the 
chord  onto  the  propeller  plane,  b  cos  6  in  the  nomenclature  of  this  report. 
Therefore,  replace  a  by  b  cos  6/ 2r. 

!  t 

3.  The  derivatives  of  the  two  force  coefficients,  C-p  and  Cp,  in  Ref.  18  are 
replaced  by  (D/2)dC-p/dr  and  by  (D/2  ff  r)dCp/dr,  respectively.  The  thrust 
coefficient  Ct  in  Ref.  18  (see  Equation  (5))  and  in  this  report  have  the  same 
definition  and  the  power  coefficient  Cp  =  2*rrCp/D. 

Alternatively,  Equation  (3)  may  be  derived  from  Equations  (21)  and  (23)  of 
Ref.  17  by  replacing  0  2  by  1-M2,  0  by  0,  T  and  Q  by  corresponding  terms  involv¬ 
ing  the  coefficients  CT  and  Cp,  respectively  and  by  noting  that  because  of  symmetry 
S (-0)  -  S  ( <t> )  and,  therefore, 


2 *  7T 

f  f(S)o  *m^^,i0  -  2  f  f(S)cosmB0d0 
d>  */0 

Equation  (4)  for  thickness  noise  in  this  report  is  derived  from  Araoldi,s'“,>' 
Equations  (1)  and  (2).  The  parameters  defined  by  his  Equation  (2)  are  substituted 
into  Equation  (1).  These  two  equations  are  added  together  and  multiplied  by  the 
factor  o-imnnt.  The  resulting  equation  for  Pm  is  rearranged,  6  is  replaced  by 
<p  ,  02  is  replaced  by  (1-M2),  (Mx+S)/  0  2  is  replaced  by  o,  and  mBM-r/R  is  re¬ 
placed  by  k  to  derive  Equation  (4)  in  this  report. 

Equation  (5)  for  the  far-field  loading  noise  may  be  derived  from  Equation  (3) 
by  a  similar  process  to  that  used  by  Kemp  and  Amoldi^8)  to  derive  their  Equa¬ 
tion  (1C)  from  their  Equation  (6).  In  doing  this,  a  phase  term  is  ignored 

because  absolute  phase  is  not  important.  Terms  of  order  1/s2  are  neglected 
relative  to  terms  of  order  l/s,  the  substitutions  listed  above  in  connection  with 
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ihr  derivation  (if  K(|ii;il ion  (;i)  are  made,  and  s(,  is  replaced  by  7Sq/D.  Also  the 
lkssel  function  .1,,,^  is  replaced  by  the  terms  inside  the)  J  brackets  ol'  Equation 
(7)  of  this  report,  which  is  a  corrected  version  of  the  equation  derived  by 
Arnold^*). 

Equation  ((!)  for  the  tar-field  thickness  noise  is  derived  from  Equation  (1.5)  in 
lief.  (3S)  by  adding  a  factor  e^oBflt^  replacing  m  by  mSlB  and  /H  by  (1-M^)~. 

As  for  Equation  (5),  the  Jn,p  term  is  replaced  by  the  terms  in  the[  ]  brackets. 
Numerical  calculations  show  that  the  relative  phase  between  the  loading  and  thick¬ 
ness  noise  sound  pressures  is  the  same  for  the  far-field  and  near-field  equations. 

Equation  (8)  is  obtained  from  Equation  (36)  of  Ref.  20,  Equation  (2)  of  Ref.  21 
or  Equation  (10)  of  Ref.  22  by  eliminating  the  radial  load  terms  and 
which  arc  small  for  propellers,  replacing  n  by  mB,  replacing  a0  by  a,  replacing 
t't  and  r  by  d,  replacing  a^D  by  axQ/fc,  and  by  replacing  bxD  by  bxQ/r. 

Equation  (9)  is  derived  from  Equation  (8)  by  ignoring  all  terms  with  Jmu+  X, 
which  is  small  relative  to  JmB-  X  *  as  a  factor,  replacing  ia^  -  bx-p  by  and 
replacing  ia  Xq  -  bxQ  by  Q  ^  because  of  the  assumption  of  random  phasing,  and 
substituting  S0  for  d. 
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APPENDIX  II 


ALTERNATE  METHOD  FOR  C  ALCULATING  UNCORRECTED  DETECTION  RANGE* 
INTRODUCTION 

Hie  received  noise  from  an  aircraft  during  flyover  is  from  multiple  sources  and 
is  non -stationary  and  random  in  character.  The  magnitude  and  apparent  frequency 
associated  with  each  source  continually  changes  as  the  aircraft  approaches  and  passes 
a  microphone  making  the  separation  of  pure  tone  and  broadband  noise  very  difficult  if 
not  impossible. 

An  approach  for  determining  the  detection  range  from  sailplane  flyover  measure¬ 
ments  has  been  applied  in  Ref.  29.  These  results  are  discussed  below  and  are  fol¬ 
lowed  by  step  by  step  procedures  for  obtaining  the  uncorrected  detection  range  using 
only  a  pure  tone  detection  spectrum  for  the  case  where  flyover  data  are  used  and  for 
the  case  where  predicted  noise  spectra  are  used. 

AURAL  DETECTION  OF  SAILPLANES 

Reference  29  reports  the  results  of  measurements  of  the  noise  radiated  from 
three  sailplanes.  The  reported  results  are  in  the  form  of  overall  sound  pressure  lev¬ 
els  and  one-third  octave  band  spectra  obtained  from  a  microphone  located  five  feet 
above  the  ground  and  directly  under  the  sailplanes  as  they  passed  overhead.  Measure¬ 
ments  are  reported  from  each  of  the  sailplanes  flying  at  various  altitudes  and  speeds. 

Also  included  in  the  report  are  the  results  from  a  subjective  determination  of  the 
altitude  at  which  two  of  the  sailplanes  could  just  be  heard.  One  of  the  sailplanes,  the 
Sehwcizer  2-33  was  aurally  detected  by  four  observers  at  approximately  2000  feet 
altitude  and  SO  degrees  elevation  while  flying  at  50  miles  per  hour.  The  other  sail¬ 
plane,  the  Libelle,  was  aurally  detected  by  three  observers  at  approximately  2600  feet 
altitude  and  80  degrees  elevation  while  flying  at  69  miles  per  hour.  The  aural  detec¬ 
tion  range  was  also  predicted  from  noise  measurements  of  the  sailplanes  living  over¬ 
head.  The  predicted  aural  detection  range,  corrected  for  atmospheric  absorption, 
was  1300  feet  for  the  Schweizer  2-33  and  2100  feet  for  the  Libelle. 

lliese  predicted  ranges  were  obtained  by  comparing  the  spectrum  level  of  the 
received  noise  to  an  aural  detection  spectrum  for  pure  tones,  The  values  for  the 
spectrum  levels  were  determined  using  a  Hewlett-Packard  5450  Fourier  Analyzer 
with  an  equivalent  50  millisecond  averaging  time.  This  averaging  time  is  within  the 
range  of  20  to  250  milliseconds  given  for  the  Integration  time  constant  of  the  ear  as 
reported  in  Ref.  39.  The  spectrum  levels  were  arrived  at  by  decreasing  the  bandwidth 


*  Docs  not  include  the  effect  of  atmospheric  absorption 
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of  tlu*  analysis  until  the  level  remained  constant..  This  procedure  resulted  in  levels 
which  were  9  to  12  dll  greater  than  the  constant  energy  speetr.au  level  obtained  from 

SPLS,  SPLl/3  -  10  log  Af  (dB)  (51) 

where,  SPL^j  Constant  energy  spectrum  level ,  (dB) 

SPl.i/3  =  1/3  octave  band  level,  (dB) 

Af  -  Bandwidth  of  1/3  octave  band,  (Hz) 

Prom  the  results  of  the  sailplane  measurements  it  appears  that  the  ear  responds 
to  rapid  changes  in  amplitude  and  frequency  and  a  detailed  spectral  analysis  of  the 
received  noise  is  required  in  order  to  determine  the  aural  detection  range  of  an  air¬ 
craft.  This  analysis  should  be  conducted  with  an  averaging  time  in  the  range  of  the 
ear’s  integration  time  constant.  When  equipment  is  not  available  to  conduct  narrow 
band  analysis ,  the  sailplane  results  indicate  that  the  spectrum  level  from  those  portions 
of  the  spectrum  where  pure  tones  do  not  dominate  may  be  obtained  from 

SPl,s,  SPL1/3  ~  10  l°g  Af  +  10  (dB)  (52> 

These  results  have  led  to  the  following  procedures  for  obtaining  the  uncorrected 
detection  range  from  measured  flyover  data  and  from  predicted  noise  spectra. 

UNCORRECTED  DETECTION  RANGE  FROM  MEASURED  FLYOVER  NOISE 

Tlu*  following  procedures  are  given  for  determining  the  uncorrected  detection 
range  of  an  aircraft  flying  directly  over  a  microphone  whose  output  is  tape  recorded. 
Also  included  in  Figure  39  is  an  example  taken  from  Ref.  29  where  these  procedures 
were  followed. 

1.  Prom  the  hearing  threshold  and  ambient  noise  measurements  made  at  the  test 
site,  determine  the  pure  tone  detection  spectrum  as  shown  in  Section  II.  An  example 
is  plotted  in  Pigure  39 . 

2.  Determine  the  maximum  sound  pressure  level  which  occurs  in  each  one-third 
octave  band  during  the  flyover.  An  alternate  approach  is  to  determine  the  one-third 
octave  spectra  when  the  signal  has  reached  its  maximum  overall  value.  The  time 
constant  (averaging  time)  used  In  the  data  reduction  should  not  exceed  0.3  seconds.  An 
example  one-third  octave  band  spectrum  is  shown  in  Figure  39. 

3.  Determine  the  maximum  difference  between  the  one-third  octave  band  spectrum 
and  the  detection  level  spectrum  and  note  the  frequency  band  at  which  this  occurs.  In 
the  example  in  Figure  39  this  difference  is  30.5  dB  and  occurs  in  the  one-third  octave 
band  centered  at  315  Hz. 
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Figure  39.  Aural  Detection  Evaluation  (From  Ref.  29) 


1.  Conduct  a  narrow  band  anal\  sis  over  a  frequenc,  range  including  this  one-third 
octavo  band.  Ilu'  avorging  time  for  this  analysis  should  not  exceed  0.  1  seconds.  This 
analysis  should  lie  repeated  with  narrower  bandwidths  until  the  peak  spectrum  level 
remains  essentially  constant.  Note  this  spectrum  level  and  the  frequency  at  which  it 
occurs.  Determine  the  difference  between  this  level  and  the  detection  level  spectrum. 

In  Figure  39  this  spectrum  level  is  37  dll  at  285  Hr.  resulting  in  a  difference  of  20.5 
dll . 


5.  in  the  event  that  the  received  signal  is  not  dominated  by  pure  tones  (which 
should  appear  in  step  2)  the  spectrum  level  may  be  determined  by  substituting  the  level 
of  the  one-third  octave  band  noted  In  step  3  in  Equation  (52). 

SJ>Lsl  SPL1/3  -  10  log  Af  +  10 

This  level  is  applied  at  the  center  frequency  of  the  one-third  octave  band  and  the 
difference  Ix'tween  this  level  and  the  detection  level  spectrum  is  noted.  In  Figure  39 
this  level  is  38  dll  at  315  Hz  resulting  in  a  difference  of  22  dB. 

f>.  The  unco r reeled  detection  range  is  then  determined  from 

-0  log  jilL«SPLSL  (f)  -  Ld  (f)  (dB)  (53) 

“o 

where,  Ru  Dncorreeted  detection  range,  (ft) 

R0  “  Aircraft  altitude  above  microphone,  (ft) 

SPLsjj(  (f)  Spectrum  level  of  received  signal 
from  step  4  or  step  5,  (dB) 

l-d  (f)  ■  Pure  tone  detection  level  from  step  1,  (dB) 

The  differences  in  Figure  39  found  from  step  4  and  step  5  resulted  in  uncorrected 
detected  ranges  of  1340  and  1585  feet  respectively. 

Note  that  this  detection  range  does  not  include  corrections  for  atmospheric  and 
terrain  attenuation  effects. 

PNCORRECTED  DETECTION  RANGE  FROM  PREDICTED  AIRCRAFT  NOISE 

The  following  procedures  are  given  for  determining  the  uncorrected  detection 
range  from  predictions  of  aircraft  noise. 

1.  For  a  given  ambient  noise  environment,  determine  the  pure  tone  detection 
level  curve  as  shown  In  Section  II. 
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2.  Determine  the  power  level  and  frequency  of  the  fundamental  ami  several  of 
iis  harmonics  for  each  pure  tone  noise  source,  using  appropriate  prediction  methods. 

3.  Determine  the  power  level  and  1/3  -  octave  band  spectrum  of  all  broad-band 
noise  sources  associated  with  the  aircraft  configuration  using  appropriate  prediction 
methods , 

4.  Obtain  the  combined  1/3  -  octave  band  power  level  spectrum  for  all  broad¬ 
band  noise  sources. 

f>.  Determine  the  approximate  power  spectrum  level  of  the  combined  broad¬ 
band  noise  sources  by  use  of  the  following  expression; 

PWLSL  =■  PWL^/goet  “  10  Af  +  10  (dB)  (54) 

where,  PWL^l  =  Power  spectrum  level,  (dB) 

PWLi/30ct  =  1/3  -  Octave  band  PWL,  (dB) 

Af  =  Bandwidth  of  the  1/3  -  Octave  band,  (Hz) 

G.  Compare  the  power  level  of  all  pure  tones  and  the  power  spectrum  level  of 
all  broad-band  noise  sources  with  the  pure  tone  detection  level  spectrum.  Determine 
the  maximum  difference  between  the  power  level  or  power  spectrum  level  and  the 
detection  level  spectrum,  and  note  the  frequency  at  which  this  occurs. 

7.  The  uncorrected  detection  range  is  then  determined  from 

20  log  Ru  PWL  (f)  -  L(]  (f)  (dB)  (551 

where,  Ru  -  Uncorrected  detection  ranges,  (ft) 

PWL  (f)  =  Power  level  or  power  spectrum  level  at  point 
of  maximum  difference  from  step  6,  (dB) 

L(|  (f)  =  Pure  tone  detection  level  at  point  of  maximum 
difference  from  step  6,  (dB). 
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